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= p a r t i c l e  parameter d e f i n e d  by Equat ion 2.97 
= v i scous  drag m o d i f i e r  
= f l u i d  v i s c o s i t y  , 
= k i n e t i c  f l u i d  v i s c o s i t y  
5 = p a r t i c l e  parameter de f i ned  by Equat ion 2.95 
7~ = cons tan t  
P = d e n s i t y  
0 = s tandard d e v i a t i o n  o r  e r r o r  
'r j = l a g  t i m e  
3 = t i m e  i n t e g r a l  s c a l e  
= S tok i an  response t ime  
= volume l oad ing  concen t ra t i ons  
= a r b i t r a r y  f u n c t i o n  o f  +, f o r  v i r t u a l  mass m o d i f i e r  
= p a r t i c l e  parameter d e f i n e d  by Equat ion 2.96 
= stream f u n c t i o n  
= c i r c u l a r  f requency 
Subsc r i p t s  and Supe rsc r i p t s  
E = Eul e r i a n  frame o f  r e fe rence  
= f l u i d  
= c a r t e s i a n  t enso r  index  n o t a t i o n ,  numer ica l  index 
= Lagrangian frame 
m = mean 
= maximum 
= p e r t a i n i n g  t o  an ensemble o f  M runs  
n = numerical  index 
o = zero r e fe rence  c o r ~ d i t i o n  
a~enbs ueau JOOJ = 
uob~z~a~~p LebpeJ = 
~ua3sa)nb = 
alz~~~~ed = 
CHAPTER ,, INTRODUCTION AND BACKGROUND 
1.1 I n t r o d u c t i o n  
I n  many engineer ing d i s c i p l i n e s ,  problems a r i s e  w i t h  regard  t o  p a r t i c u -  
l a t e  ma t te r  suspended i n  t u r b u l e n t  f l u i d s .  For example, i n  nuc lear  reac to r  
s a f e t y  ana lys is ,  p a r t i c l e s  i n  t u r b u l e n t  suspension p l a y  an important  r o l e  i n  
pos t  acc ident  ana lys is ;  i n  t he  design o f  i n e r t i a  and impingement f i l t e r s ,  
p a r t i c l e  suspension c h a r a c t e r i s t i c s  he1 p  i n  assessing the  e f f i c i e n c y  o f  thes.e 
f i l t e r s ;  i n  e ros ion  damage sus ta ined 'by  blades i n  steam tu rb ines ;  i n  a i r  
and water p o l l u t i o n ;  i n  r i v e r  sedimentat ion and i n  pneumatic conveying a l l  
o f  which encompass p a r t i c l e s  suspended i n  a  t u r b u l  e n t  environment. Unfor- 
t una te l y ,  due t o  t he  inheren t  complexity o f  t r a n s p o r t  i n  t u r b u l e n t  f lows, 
a  u n i f i e d  theory  has n o t  y e t  been rea l i zed .  
I n  o r d e r  t o  p rov ide  a  fundamental understanding o f  t h e  behavior o f  
d i l  u t e  t u r b u l e n t  p a r t i c l  e  suspensions, an experimental  i n v e s t i g a t i o n  was 
i n i t i a t e d  by B.G. Jones (1 966). Continued research by S h i r a z i  (1  967), 
Meek (1972) and Howard (1974) prov ided an a n a l y t i c a l  model, as we l l  as 
experimental data, f o r  p a r t i c l e  behavior i n  very d i l u t e  t u r b u l e n t  suspension; 
where the  p a r t i c l e s '  presence d i d  n o t  g r e a t l y  a l t e r  the  t u r b u l e n t  s t ruc tu re ,  
nor  d i d  p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s  come i n t o  p lay.  As a  l o g i c a l  exten- 
s i o n  o f  t he  prev ious research t h i s  p r o j e c t  was undertaken t o  examine the  
behavior o f  p a r t i c l e s  i n  a  non -d i l u te  t u r b u l e n t  suspension. 
Two experimental  ob jec t i ves  were se lec ted  ; f i r s t ,  t o  modify the  
e x i s t i n g  experimental  f a c i  1 i t y ,  used by t h e  prev ious i n v e s t i g a t o r s ,  t o  pro- 
v ide f o r  the  v a s t l y  increased i nven to ry  o f  p a r t i c l e s  w i thou t  a1 t e r i n g  the  
bas ic  t u r b u l e n t  f l o w  c h a r a c t e r i s t i c s  of t h e  system ( w i t h o u t  p a r t i c l e s  p resen t ) .  
Th is  was done t o  enhance c o m p a t i b i l i t y  w i t h  p r e v i o u s l y  ob ta ined  f l u i d  and 
p a r t i c l e  data.  
Second, t o  measure var ious  p a r t i c l e  s t a t i s t i c a l  q u a n t i t i e s  and t h e i r  
v a r i a t i o n  w i t h  respec t  t o  p a r t i c l e  f r e e  f a l l  v e l o c i t y  f o r  a  range o f  p a r t i c l e  
volu~ne concent ra t ion ,  4 ,  f rom 0  t o  10 percent  and a l s o  t o  measure, o r  a t  
l e a s t  est imate,  t h e  f l u i d s  sca les  and i n t e n s i t y  f o r  s i m i l a r  concen t ra t i on  
v a r i a t i o n s .  
The a n a l y t i c  o b j e c t i v e s  o f  t h i s  research a r e  t w o f o l d  . F i r s t ,  t o  
extend t h e  p rev ious  model development by Meek (1972) t o  t h e  case i n  which 
p a r t i c l  e - p a r t i c l  e  hydrodynamic i n t e r a c t i o n s  must be considered, and secondly 
t o  r e l a x  t h e  c o n s t r a i n t  o f  Stokes ian p a r t i c l e  behavior  i n  o rde r  t o  incorpo-  
r a t e  h i g h  p a r t i c l e  f r e e  f a l l  Reynold's numbers. 
1.2 Prev ious A n a l y t i c a l  Work 
The i n v e s t i g a t i o n  o f  p a r t i c l e  behavior  has long  been t h e  sub jec t  o f  
many i n v e s t i g a t i o n s .  The equat ion  o f  mot ion  f o r  a  s i n g l e  p a r t i c l e  i n  a  
qu iescen t  f l u i d  was i n i t i a l l y  developed by Basset (1961), Bousinesq (1  903) 
and Oseen (1927). Tchen (1947) extended t h e  govern ing equat ion  f o r  t h e  
case o f  unsteady mot ion o f  t h e  p a r t i c l e .  La te r ,  Co r r s i n  and Lur~i ley (1  956) 
made a  c o r r e c t i o n  t o  Tchen's express ion t o  i n c l u d e  t h e  proper  pressure 
g r a d i e n t  e f f e c t s  a p p l i e d  t o  a  p a r t i c l e  i n  a  t u r b u l e n t  f low f i e l d .  Lumley 
(1957) po in ted  o u t  t h e  complex i t y  o f  t h e  equa t ion  by showing t h a t  t h e  f l u i d  
v e l o c i t y  i s  t o  be evaluated a t  t h e  y e t  unknown p a r t i c l e  p o s i t i o n .  T h i s  has 
become known as t h e  e s s e n t i a l  n o n - l i n e a r i t y  o f  t h e  govern ing equat ion.  
The na tu re  o f  t h e  equa t ion  i s  one o f  a  second o rde r  non - l i nea r  
d i f f e r e n t i a l  equa t ion  w i t h  t h e  added complex i t y  o f  Luml ey '  s  e s s e n t i a l  non- 
l i n e a r i t y .  As a r e s u l t  a  c losed  form s o l u t i o r ~  has n o t  y e t  been r e a l i z e d .  
Some au thors  have so l  ved simpl i f  ied ,  1  i n e a r  approx imat ions t o  t h e  equat ion. 
I n  p a r t i c u l a r  H i  nze (1959), and Chao (1 964) have so lved  t h e  most complete 
equat ions. Chao's a n a l y s i s  technique was f u r t h e r  employed by Meek and 
Jones (1973) i n  which s t a t i s t i c a l  q u a n t i t i e s  o f  a  p a r t i c l e  i n  a  t u r b u l e n t  
f l u i d  were p red ic ted .  I n  a  recen t  renaissance o f  p a r t i c l e  behav io r  l i t e r a -  
tu re ,  Reeks (1977) and Pismen and N i r  (1978) have made p a r t i c l e  t u r b u l e n t  
c a l c u l a t i o n s  s i m i l a r  t o  /)leek and Jones, b u t  employing a ve ry  much simpl i- 
f i e d  govern ing equat ion. 
I n  a1 1 t h e  above c i t e d  1 i t e r a t u r e ,  t h e  govern ing equat ions were 
r e s t r i c t e d  t o  ve ry  d i l u t e  suspensions, i n  which t h e  p a r t i c l e s  d i d  n o t  i n t e r -  
a c t  w i t h  each o ther .  As one moves on to  t h e  rea lm where t h e  suspension 
beconies non-d i lu te ,  most o f  t h e  research r e p o r t e d  i n  t h e  l i t e r a t u r e  i s  con- 
cerned w i t h  t h e  mean mot ion o f  a  c l oud  o f  p a r t i c l e s  and a phenomenon o f t e n  
r e f e r r e d  t o  as "h indered s e t t l i n g " ;  de f i ned  as t h e  r e l a t i v e l y  s lower  f r e e  
fa1  1 v e l o c i t y  f o r  assemblages o f  p a r t i c l e s .  
Buyevich (1971) presented a gene ra l i zed  eqqat ion  o f  mot ion f o r  a  
p a r t i c l e  i n  n o n - d i l u t e  suspension, b u t  o n l y  cons idered t h e  s o l u t i o n  o f  t h e  
mean equat ion  o f  mot ion f o r  ve ry  h i g h  p a r t i c l e  concen t ra t ions  (Buyevich, 
1972a, b )  . 
Sedimentat ion o f  non-di 1  u t e  susper~sions was analyzed by Tam (1  969) i n  
which a formula f o r  t h e  drag exer ted  on a c l o u d  o f  sphe r i ca l  p a r t i c l e s  i n  
a  qu iescen t  f l u i d  was der ived.  Tarn made use o f  t h e  p o i n t - f o r c e  approximat ion, 
t h e  essence o f  which was t o  r ep lace  t h e  d is tu rbance  produced by a sphere w i t h  
a  p o i n t  fo rce ,  equal t o  t h e  dray on t he  p a r t i c l e ,  a t  t h e  c e n t e r  o f  t h e  sphere. 
Tam ob ta ined  good agreement w i t h  exper imenta l  da ta  he p rov ided  by Happel and 
Eps te i  n  (1  954). 
Batchelor  (1972) looked a t  a  s i m i l a r  problem f o r  a  sphere i n  a  s t a t i s -  
t i c a l  l y  homogeneous suspension. Batchel o r  assumed t h a t  the  sphere's 
p o s i t i o n  took on a  random d i s t r i b u t i o n  w i t h i n  t h e  f l u i d .  Batche lor 's  re- 
s u l t s ,  c o r r e c t  t o  f i r s t  order  i n  $, determined the  mean v e l o c i t y  o f  a  cloud 
o f  p a r t i c l e s  as 
and where fo i s  t h e  f r e e  f a l l  v e l o c i t y  o f  a  s i n g l e  spher ica l  p a r t i c l e .  
More r e c e n t l y  Hinch (1977), i n  analyz ing p a r t i c l e  i n t e r a c t i o n s  i n  f l u i d  
suspensions, used an average equat ion technique i n  order  t o  est imate the  
mean s e t t l i n g  v e l o c i t i e s  and the  drag fo rce  experienced by a  c loud  o f  p a r t i -  
c les. The basis o f  t he  average equat ion approach i s  t o  take the  conserva- 
t i o n  laws and c o n s t i t u t i v e  r e l a t i o n s  f o r  each phase o f  t he  suspension and 
average over t he  ensembl e  o f  phases, hence producing a  homogeneous phase of 
f l u i d  and p a r t i c l e .  The r e s u l t s  show t h a t  t he  mean v e l o c i t y  o f  a  suspended 
p a r t i c l e  i s  f 
- = (1.- . 6 6  0 )  
$0 
which i s  very s i m i l a r  t o  Batchelor 's  r e s u l t .  The drag fo rce  c a l c u l a t i o n  
seems t o  f a l l  sho r t  of t h e  experimental r e s u l t s  o f  Happel and Epste in and 
i t  i s n ' t  c l e a r  whether the  d i f f e rence  i s  from t h e  computation o f  a  res idua l  
i n t e g r a l  o r  from a  more fundamental e r ro r .  
1  . 3  Previous Experimental Work 
Previous experimental i nves t i ga t i ons  o f  p a r t i c l e  behavior i n  t u r b u l  en t  
susper~sions have been l i m i t e d  t o  macroscopic s tud ies  i n  which bu l k  o v e r a l l  
c h a r a c t e r i s t i c s  have been determined. 
Kada and H a r ~ r a t t y  (1 960) showed the  e f f e c t s  o f  so l  i d  p a r t i c l e s  on the 
f l u i d  tu rbu lence f o r  upward f l o w  i n  a  v e r t i c a l  pipe. The s o l i d  concentra- 
t i o n  l e v e l s  v a r i e d  from approximately 0.15 percent  t o  2.5 percent .  P o i n t  
source d i f f u s i o l i  measurements indicated t h a t  t he  f l u i d  d i f f u s i o n  r a t e s  were 
re1 a t i  ve l y  unchanged u n t i l  t he re  was a  s u f f i c i e n t  s l  i p  v e l o c i t y  between the  
two phases and unless the  p a r t i c l e  concent ra t ion  was la rge ,  (> 1%) .  
The mean s e t t l  i n g  v e l o c i t y  o f  p a r t i c l e s  i n  quiescent  f l  u ids  was i n v e s t i -  
gated by several  authors. The r e s u l t s  o f  Cheng and Schachaman (1 955), and 
Me Nown and L i  n  (1  952), as repor ted  by liappel and Brenner (1 973) show a  
r e l a t i v e  decrease i n  t he  p a r t i c l e ' s  v e l o c i t y  as t h e  volume concent ra t ion  ( o r  
l oad ing )  was increased. This  phenomenon has been known as "h indered s e t t l i n g . "  
Also repor ted  by Happel and Brenner, was experimental  data o f  Kaye and 
Boardman (1962) i n  which the  p a r t i c l e  v e l o c i t y  was seen t o  increase i n i t i a l l y  
f o r  low volume concentrat ions,  then f a l l  o f f  r a p i d l y  a t  h igher  concentrat ions 
(>  3%). Th is  was a t t r i b u t e d  t o  the fo rmat ion  o f  p a r t i c l e  c l u s t e r  which en- 
hanced t h e i r  f ree- fa1  1. 
Hino (1963) descr ibed E la ta  and Ippens (1961 ) experiment i n  which a  
suspension o f  s o l i d  p a r t i c l e s ,  considered t o  be n e u t r a l l y  buoyant, was 
examined f o r  volume loadings i n  the range o f  15 and 25 percent.  The expe r i -  
ments showed t h a t  t he  t u r b u l e n t  i n t e n s i t y  increased as the  volume load ing  
was increased, b u t  some doubt remains as t o  the  s e n s i t i v i t y  o f  t he  i n s t r u -  
mentat ion employed due t o  a  l a r g e  spread i n  the  data a t  s i m i l a r  p a r t i c l e  
concentrat ions.  
CHAPTER 2 TIiEORY 
2.1 Non- D i l u t e  P a r t i c l e  E q u a t i o n  o f  M o t i o n  
Cons ider  i n i t i a l l y  t h e  Equa t ion  o f  Mot ion***  deve loped by  Tchen (1947) 
f o r  a p a r t i c l e  suspended i n  a  t u r b u l e n t  f l u i d  f i e l d  and i n  a  s u f f i c i e n t l y  
d i l u t e  suspens ion so as t o  i g n o r e  i n t e r a c t i o n s  between p a r t i c l e s :  
where: up( : P a r t i c l e  V e l o c i t y  
UC; : F l u i d  V e l o c i t y  
pp : P a r t i c l e  D e n s i t y  
P : F l u i d  D e n s i t y  
f*: Momentum Trans fe r  C o e f f i c i e n t  
p : F l u i d  V i s c o s i t y  
f' : Pressu re  
Fi : E x t e r n a l  A p p l i e d  Force 
: Convec t i ve  Time D e r i v a t i v e  CI i th  Respect  t o  t h e  
P a r t i c l e  
: P a r t i c l e  Radius 
***This E q u a t i o n  o f  M o t i o n  i s  known as t h e  B . B . O .  E q u a t i o n  deve loped by 
Basset  (1  961 ) , Boussinesque (1  903) ,  and Oseen ( 1  927 ) .  
B a s i c a l l y  Equa t ion  2.1 i s  a  f o r c e  ba lance  on a s i n g l e  p a r t i c l e  t a k i n g  i n t o  
accoun t  t h e  v i s c o u s  d r a g  due t o  unsteady m o t i o n  and any a p p l i e d  p o t e n t i a l  
f o r c e .  
It i s  t h e  i n t e n t  o f  t h i s  c h a p t e r  t o  expand E q u a t i o n  2.1 f o r  t h e  case 
o f  a  n o n - d i l u t e  o r  m u l t i p a r t i c l e  suspens ion.  T h i s  r e q u i r e s  a  c a r e f u l  l o o k  
a t  t h e  i n d i v i d u a l  te rms o f  t h e  e q u a t i o n .  Assumpt ions w i l l  be made t h r o u g h o u t  
t h e  development,  as seem a p p r o p r i a t e .  
One o f  t h e  more dominant  te rms o f  t h e  e q u a t i o n  o f  m o t i o n  i s  t h e  v i s c o u s  
d r a g  te rm:  
where: 
It shou ld  be no ted  t h a t  CD, t h e  d r a g  c o e f f i c i e n t ,  i s  a  f u n c t i o n  o f  t h e  
p a r t i c l e s  Reynolds number. I n  l a t e r  s e c t i o n s  v a r i o u s  fo rms o f  C D  w i l l  be 
p resen ted  i n  o r d e r  t o  model t h e  d rag  o v e r  a  w i d e  range  o f  p a r t i c l e  Reynolds 
numbers, 
I n  a  m u l t i p a r t i c l e  s i t u a t i o n ,  mo t ions  o f  n e i g h b o r i n g  p a r t i c l e s  d i s t o r t  
t h e  f l u i d ' s  b e h a v i o r  nea r  a  p a r t i c l e  o f  i n t e r e s t .  T h i s  i s  b a s i c a l l y  done 
t h r o u g h  hydrodynamic i n t e r a c t i o n  and depends on t h e  number d e n s i t y  o f  t h e  
p a r t i c l e s  and t h e i r  c h a r a c t e r i s t i c s  d imens ions.  A  m o d i f i c a t i o n  o f  E q u a t i o n  
2 .2  t o  accoun t  f o r  p a r t i c l e - p a r t i c l e  hydrodynamic i n t e r a c t i o n  has h i s t o r i c a l l y  
t a k e n  t h e  f o l l o w i n g  form:  
, , = F9; 2()1) 
where A (n )  m o d i f i e s  t h e  v i s c o u s  d r a g  exper ienced  by a  s i n g l e  p a r t i c l e  a t  a  
g i v e n  number d e n s i t y ,  n. The number d e n s i t y  i s  d i r e c t l y  r e l a t e d  t o  t h e  
volume f r a c t i o n  l o a d i n g  of p a r t i c l e s ,  $. 
S u b s t i t u t i o n  y i e l d s  t h e  m o d i f i e d  v i s c o u s  d r a g  f o r c e  as:  
A f u n c t i o n a l  f o r m  o f  A ( $ )  was deve loped by  Tam (1969)  f o r  t h e  case o f  
s p h e r i c a l  p a r t i c l e s  o f  u n i f o r m  s i z e .  Tam assumed t h a t  no d i r e c t  c o l l i s i o n s  
among p a r t i c l e s  occured.  A ( $ )  f u n c t i o n a l  for111 i s :  1 
F i g u r e  2.1 shows A($ )  f o r  volume l o a d i n g ,  z e r o  t o  t e n  p e r c e n t .  I t  shou ld  be 
p o i n t e d  o u t  t h a t  Tam's r e s u l t s  c l o s e l y  f o l l o w  e x p e r i m e n t a l  r e s u l t s  f o r  
p a r t i c l e s  f a l l i n g  i n  a  q u i e s c e n t  f l u i d .  F i g u r e  2 .2  shows a  compar ison o f  
Tam's r e s u l t s  and t h o s e  o f  Happel and E p s t e i n  (1954) .  
The n e x t  t e r m  i n  E q u a t i o n  2.1 i s  known as  t h e  p r e s s u r e  g r a d i e n t  f o r c e :  
4Pas dP 
- - -  
3 a x ;  
For  v e r y  d i l u t e  suspensions,  C o r r s i n  and Lumley (1956) suggested t h a t  t h e  
p r e s s u r e  g r a d i e n t  t a k e  on t h e  f o l l o w i n g  form: 
wh ich  i s  t h e  r i av ie r -S tokes  Equat ion .  Buyev ich  ( 1  971 ) d e r i v e d  a  m o d i f i e d  
Nav ie r -S tokes  E q u a t i o n  i n  wh ich  a l l owances  were made f o r  t h e  volume f r a c t i o n  
occup ied  by t h e  p a r t i c l e ;  t h i s  i s  shown as :  
 or none d i l u t e  c o n c e n t r a t i o n s  p s h o u l d  be r e p l a c e d  b y  an e f f e c t i v e  dynamic 
v i s c o s i t y ,  t h e  f o r m  o f  w h i c h  i s  n o t  y e t  w e l l  d e f i n e d  i n  t h e  l i t e r a t u r e .  


Here once a g a i n  @ i s  t h e  volume f r a c t i o n  o f  p a r t i c l e s .  S u b s t i t u t i o n  
o f  E q u a t i o n  2.9 i n t o  Equa t ion  2.7 y i e l d s  t h e  m o d i f i e d  p r e s s u r e  g r a d i e n t  
te rm:  
The t h i r d  t e r m  i s  known a s  t h e  v i r t u a l  o r  a p p a r e n t  mass f o r c e ,  wh ich  i s  
t h e  f o r c e  necessary  t o  a c c e l e r a t e  t h e  f l u i d  i n  c o n t a c t  w i t h  t h e  p a r t i c l e .  
Buyev ich  (1971) suggested t h a t  t h e  v i r t u a l  mass t e r m  be m o d i f i e d  i n  
t h e  f o l l o w i n g  manner 
Buyev ich  (1971 ) e s t i m a t e d  q ( $ )  f o r  s p h e r i c a l  p a r t i c l e s  as : 
The f u n c t i o n  q(@) i s  a  s l o w l y  v a r y i n g  parameter  o f  o r d e r  u n i t y ,  hence 
i t  p r o v i d e s  a  sma l l  change i n  t h e  v i r t u a l  mass f o r c e  as t h e  volume l o a d i n g  
i n c r e a s e s .  
The n e x t  tern1 i n  Equa t ion  2.1 r e p r e s e n t s  t h e  f o r c e  o r  d r a g  due t o  
unsteady m o t i o n  o f  t h e  p a r t i c l e .  T h i s  t e r m  has been c a l l e d  t h e  Basset  t e r m  
a f t e r  A. B. B a s s e t ' s  (1961) work on p a r t i c l e  drag.  
The m o d i f i c a t i o n  o f  t h e  Basset  t e r m  f o r  t h e  presence o f  o t h e r  p a r t i c l e s  
niay t a k e  t h e  f o l l o w i n g  form: 
where o (+)  i s  an unknown f unc t i on  o f  @. Ques t ions  a r i s e  as t o  what e f f e c t s  
o t h e r  p a r t i c l e s  have on t h e  response o f  a  p a r t i c l e  t o  an impulse f o r c e  from 
the  t u r b u l e n t  f l u i d .  Buyevich i n d i c a t e s  t h a t  o($) may be o f  o r d e r  u n i t y  f o r  
volume l oad ings  where p a r t i c l e  i n t e r a c t i o n  were n o t  dominated by c o l l i s i o n s  
w i t h  o t h e r  p a r t i c l e s .  
The l a s t  term, Fi, i s  t he  f o r c e  o f  an a p p l i e d  f i e l d ,  and un less  t h e  
presence o f  a d d i t i o n a l  m a t e r i a l  i n  t h e  f l u i d  a1 t e r s  t h e  a p p l i e d  f i e l d ,  i t  
w i l l  be assumed t h a t  Fi, i s  i n v a r i a n t  w i t h  r espec t  t o  $, t h e  volume l oad ing .  
Combining a l l  of t h e  above terms y i e l d s  t h e  equa t ion  o f  mot ion  f o r  a  
p a r t i c l e  i n  a  mu1 t i p a r t i c l e  suspension as: 
dP(Q1 where- i s  d e f i n e d  by Equat ion 2.9. Note t h a t  t h e  ove rdo t  i s  de f i ned  
a x b  
as t he  convec t i ve  d e r i v a t i v e :  
Equa t ion  2.14 rep resen t s  a n o n - l i n e a r  second o r d e r  equa t i on  w i t h  t h e  
a d d i t i o n a l  s t i p u l a t i o n ,  as Lumley ( 1  957) p o i n t s  ou t ,  t h a t  t h e  f l u i d  v e l o c i t y  
niust be eva lua ted  a t  t h e  y e t  unknown p a r t i c l e  p o s i t i o n .  T h i s  has become 
known as t h e  " e s s e n t i a l  n o n - l i n e a r i t y . "  
The c o e f f i c i e n t s ,  A($) , ~ ( 0 )  , and 0 ( 4 )  a r e  b u l k  parameters t h a t  
assume a  l i n e a r  r e l a t i o n  w i t h  t h e  equa t i on  o f  mo t i on  f o r  a  s i n g l e  p a r t i c l e .  
T h i s  approach i n h e r e n t l y  s t a t e s  t h a t  t h e  f l u i d ' s  c h a r a c t e r i s t i c s  a r e  those  
f o r  t h e  case i n  which a  s i n g l e  p a r t i c l e  i s  p r e s e n t  and t h e  parameters  t a k e  
i n t o  account  t h e  presence o f  o t h e r  p a r t i c l e s  t h r o u g h  hydrodynamica l  means. 
A r e v i e w  o f  t h e  assumpt ions i n d i c a t e s  t h a t :  
1  ) No p a r t i c l e  c o l l  i s i o n s  a r e  cons ide red .  
2 )  The p a r t i c l e s  a r e  s p h e r i c a l  and o f  a  u n i f o r m  s i z e .  T h i s  assumpt ion 
may be dropped' i f  Tam's s o l u t i o n  i s  c o n s i d e r e d  f o r  a  known p a r t i c l e  
s i z e  d i s t r i b u t i o n .  
H i s t o r i c a l l y ,  c e r t a i n  p h y s i c a l  assur l ipt ions a r e  ~nade t o  l i n e a r i z e  t h e  p a r t i c l e s  
e q u a t i o n  o f  m o t i o n  i n  o r d e r  t o  o b t a i n  a  s o l u t i o n .  The n e x t  s e c t i o n  d e a l s  w i t h  
these  assur i ipt ions and produces a  s e t  o f  e q u a t i o n s  f o r  f u r t h e r  c o n s i d e r a t i o n .  
2.2 L i n e a r i z e d  Equa t ion  o f  M o t i o n  
Approx imat ions  a r e  made i n  o r d e r  t o  s i n ~ p l i f y  t h e  g o v e r n i n g  e q u a t i o n  o f  
mot ion .  Once a g a i n  t h e  assumpt ions w i l l  be p resen ted  as deemed a p p r o p r i a t e .  
S t a r t i n g  v i t h  Equa t ion  2.14 w i t h  E q u a t i o n  2.9 s u b s t i t u t e d  f o r  t h e  b r e s s u r e  
g r a d i e n t ,  we have: 
N o t i n g  t h a t :  
s! qeyq 'paq3al6au aq up3 wdaq sno3sl~ ayq J! ucapulo ~SJ~J sawo~aq 
uo~qenba aqq 'aJourJayqJnj .alq!6!~6au sk wJaq sly7 'qno paqulod (~96~) 012143 se 
'a ~P~SOJ~~EI ol~el aqq oq pa~ed.03 se 1 ~PIJS sl a lrr!q~ed aqq 4) snqq = +X 3~34~ X 
:J! alq!6!.~6au s! Lq~~eau! 1-uou ayq q~yq paqou (6561) azuLH 
Meek (1972) had shown, t h a t  f o r  p a r t i c l e s  whose d e n s i t y  was w i t h i n  an o r d e r  
o f  magni tude o f  t h e  f l u i d ' s  d e n s i t y ,  t h e  c o n t r i b u t i o n  o f  t h e  Basset t e r m  
toward s t a t i s t i c a l  parameters, were n e g l i g i b l e .  T h i s  w i l l  be d iscussed  
f u r t h e r  i n  S e c t i o n  2.6. Thus, d ropp ing  t h e  Basset term: 
Up, can be expressed, f o r  a  p a r t i c l e  w i t h  a  f i n i t e  f r e e  f a 1  1  v e l o c i t y  as :  
Where Vp,i i s  t h e  p a r t i c l e  f l u c t u a t i n g  v e l o c i t y .  Thus equa t ion  2.35 becomes: 
[rp++) f]vPi Pi ?FFF~(@) (u f i -  vQi\ - P fl(@) i e i  = O (2.25) 
The above equa t ion  i s  l i n e a r  o n l y  when F* i s  a cons tan t .  T h i s  i s  o n l y  t h e  
case when t h e  p a r t i c l e s  a r e  assumed S t o k i a n  ( p a r t i c l e s  w i t h  Reyno ld ' s  
numbers l e s s  then  one).  For p a r t i c l e  Reyno ld ' s  numbers g r e a t e r  than  
one, t h e  s i t u a t i o n  becomes non-1 i n e a r .  The n e x t  s e c t i o n  w i l l  examine 
Equa t ion  2.25 f o r  v a r i o u s  p a r t i c l e  Reynold 's  numbers. 
2.3 L i n e a r i z e d  Equat ion o f  Mot ion  a t  Var ious  P a r t i c l e  Reynold 's  Numbers 
The s i m p l i f i e d  equa t ion  o f  mot ion  c o n t a i n s  t h e  p a r t i c l e ' s  p h y s i c a l  
c h a r a c t e r i s t i c s  i n  t h e  t e r m  F*. Reviewing Equat ion 2.3: 
The p r i n c i p l e  parameter i s  t h e  d rag  c o e f f i c i e n t ,  C,,. Cg i s  a  f u n c t i o n  o f  
t h e  p a r t i c l e ' s  Reynold 's  number, d e f i n e d  as f o l l o w s :  
F i g u r e  2.3 i l l u s t r a t e s  t h e  b e h a v i o r  o f  t h e  d r a g  c o e f f i c i e n t .  There a r e  
t h r e e  p r i n c i p l e  r e g i o n s  o f  b e h a v i o r :  S tokes Law, I n t e r r n e d i a t e  Law and t h e  
Newton Law Region. A  genera l  d e s c r i p t i o n  f o r  each r e g i o n  i s  i n  o r d e r .  
1  ) The Stokes Law o r  c r e e p i n g  f l o w  r e g i o n  i s  d e f i n e d  f o r  p a r t i c l e ' s  
Reyno ld ' s  r~ulnbers l e s s  t h a n  one. The v e r y  r ~ a t u r e  o f  t h e  f u n c t i o r l a l  for111 of  
CD i s  l i n e a r ,  t h e r e f o r e  most  a u t h o r s  r e s t r i c t  t h e  p a r t i c l e  t o  r e s i d e  w i t h i n  
t h i s  r e g i o n .  The f o r m  o f  CD i s :  
S u b s t i t u t i o n  o f  CD i n t o  E q u a t i o n  2.3 y i e l d s  a  l i n e a r  f u n c t i o n  o f  F*. 
2)  The I n t e r m e d i a t e  Law Region i s  d e f i n e d  f o r :  
Severa l  i n v e s t i g a t o r s  have e s t i m a t e d  CD a n a l y t i c a l l y  f o r  R l e s s  t h a n  - 
e  P  
ten ,  b u t  o n l y  a f t e r  a  c o n s i d e r a b l e  amount o f  e f f o r t .  The r e s u l t  seen i n  
F i g u r e  2.3 i s  based on exper imen ta l  da ta .  An approx ima te  f o r m  o f  t h e  c u r v e  
i s  g i v e n  by Ingebo (1956) as :  
B C D S  .- 
Re, 
where B i s  a  c o n s t a n t  and 8 an exponent l e s s  t h a n  one. I f  one s u b s t i t u t e s  
E q u a t i o n  2.26 i n t o  Equa t ion  2.3: 

where C i s  cons tan t ,  t h i s  r e s u l t  makes E q u a t i o n  2.25 n o n - l i n e a r  and i n  i t s  
p r e s e n t  f o r m  i s  v e r y  t roub lesome t o  work  w i t h  a n a l y t i c a l l y .  
3 )  The l a s t  r e g i o n  i s  known as Newton's Law Region. T h i s  shou ld  n o t  
be confused w i t h  Newton's Law 0.f M o t i o n  o r  V i s c o s i t y .  The Newton Region i s  
d e f i n e d  f o r :  
400 4 Re, 4 los (2.30 ) 
where t h e  d r a g  c o e f f i c i e n t  can be assumed c o n s t a n t ,  t h a t  i s :  
cD, 0.44 
S u b s t i t u t i o n  o f  CD i n  F* r e s u l t s  i n :  
As b e f o r e ,  t h i s  i s  n o n - l i n e a r  and p r e v e n t s  an a n a l y t i c a l  s o l u t i o n  t o  
t h e  e q u a t i o n  o f  r r ~ o t i o n .  
As p o i n t e d  o u t  before,  most  i n v e s t i g a t o r s  assumed t h a t  t h e  p a r t i c l e  
r e s i d e s  w i t h i n  t h e  Stokes r e g i o n ,  when i n  r e a l i t y  suspens ions c o n t a i n  p a r t i c l e s  
w i t h i n  t h e  i n t e r m e d i a t e  and Newton r e g i o n .  I n  o r d e r  t o  p r e s e n t  a  con lp le te  
mu1 t i p a r t i c l e  t h e o r y ,  t h r e e  fo rms o f  t h e  mu1 t i p a r t i c l e  1  i n e a r i z e d  e q u a t i o n  o f  
m o t i o n  w i l l  be p resen ted .  T h i s  i n c l l r d e s  an e x a c t  S t o k i a n  f o r m  and two 
approx ima te  fo rms f o r  t h e  i n t e r m e d i a t e  and Newton r e g i o n s .  
1 9 .  
L e t  us c o n s i d e r  f i r s t  t h e  ~ t o k i a n  d r a g  form. S u b s t i t u t i o n  o f  E q u a t i o n  
2.25 i n t o  E q u a t i o n  2.3 y i e l d s  
S u b s t i t u t i o n  i n t o  E q u a t i o n  2.25 g i v e s :  
Here 
E q u a t i o n  2.34 r e p r e s e n t s  t h e  S t o k i a n  m u l t i p a r t i c l e  l i n e a r i z e d  e q u a t i o n  o f  
mo t ion .  
Cons ide r  now t h e  i n t e r r u e d i a t e  r e g i o n .  S u b s t i t u t i n g  E q u a t i o n  2.28 i n t o  
E q u a t i o n  2.3 and t h e n  i n t o  Equa t ion  2.23 y i e l d s :  
Where 
L i n e a r i z a t i o n  o f  t h i s  e q u a t i o n  i s  reduced t o  an i n v e s t i g a t i o n  o f  t h e  second 
terlr i  i n  E q u a t i o n  2, 36 t h a t  i s :  
Jones e t  a l .  (1973) i n v e s t i g a t e d  t h e  above te rm w i t h o u t  t h e  presence o f  
t h e  m u l t i p a r t i c l e  parameter  A($). By choos ing  t h e  g r a v i t y  f o r c e  t o a c t  i n  
t h e  Z - d i r e c t i o n ,  Jones expresse'd t h e  r e l a t i v e  v e l o c i t y ,  V as :  Ii 
and 
By expand ing t h e  above e q u a t i o n s  i n  a  b i n o m i a l  s e r i e s  and t a k i n g  a ze ro  
o r d e r  c o n s i d e r a t i o n ,  Jones e t  a l .  de te rm ined  t h a t  E q u a t i o n  2.39 t a k e  t h e  form: 
where Gi i s  t h e  d r a g  due t o  t h e  s teady g r a v i t a t i o n a l  f r e e - f a l l  and 6i i s  
d e f i n e d  as 
I I' one c o n s i d e r s  I n q c b o ' s  r e l a t i o n  wtlcrc U-27 and W.84 ,  t h e  6 I~econles i 
0.16 di= 1-12 R, LI, I, l.l6] (2 .44 )  
Where: 
Rf = 2o* /3  
As Jones e t  a l .  p o i n t s  o u t ,  t h i s  d rag  r l i o d i f i e r  i s  l i l l i i t c d  t o  p a r t i c l e  
Reyno ld ' s  numbers i n  t h e  r c a l n l  o f  6 5- Re,, 5 400 wh ich  i s  s u f f i c i e n t l y  l a r g e  
t o  accoll iodate t h e  i n t e r l l l e d i a t e  range.  A  c o l ~ ~ p a r i s o n  o f  Jones r e s u l t s  t o  
I n g e b o ' s  d a t a  i s  shown i n  F i g u r e  2.4. Reasonably good r e s u l t s  a r c  i n d i c a t e d .  
A p p l y i n g  t h i s  techn ique  t o  Equa t ion  2 .40 r e s u l t s  i n  t h e  f o l l o w i n g  f o r ~ r ~  o f  
E q u a t i o n  2.23 : 
T h i s  r e p r e s e n t s  t h e  l i n e a r i z e d  e q u a t i o n  o f  m o t i o n  f o r  t h e  i n t e r m e d i a t e  r e g i o n .  
Look ing  a t  t h e  Newton l a w  r e g i o n ,  t h e  d r a g  c o e f f i c i e n t  i s  assumed t o  be 
c o n s t a n t .  If we iilake use o f  t h e  p a r t i c l e  v e l o c i t y  d e f i n i t i o n :  
E q u a t i o n  2.3 becon~es: 

Tak ing  n o t e  t h a t :  
up 4 4  f 
and 
2  Thus, V' V f  and V U  terms a r e  much s m a l l e r  as  compared t o  o t h e r  terms, P' P  f 
t h e r e f o r e ,  t h e y  a r e  neg lec ted .  Thus, Equa t ion  2.48 becomes: 
S u b s t i t u t i o n  i n t o  E q u a t i o n  2.25 y i e l d s :  
Us ing t h e  same o r d e r  o f  magni tude e v a l u a t i o n  as  b e f o r e  reduces t h e  above 
e q u a t i o n  t o :  
E q u a t i o n  2.53 r e p r e s e n t s  t h e  l i n e a r i z e d  n i u l t i p a r t i c l e  e q u a t i o n  f o r  t h e  
Newton r e g i o n .  
Reviewing Equat ions 2. 34, 2.46, and 2.53 i n d i c a t e s  t h e y  f o l l o w  a 
common form: 
Where ak(@) i s  a parameter,  un ique  t o  each r e g i o n ,  d e f i n e d  as 
a, = [CB f / 2 ~ )  A ( @ )  (2.55 ) 
I t  s h o u l d  be n o t e d  t h a t  t h e  v i s c o u s  c o n t r i b u t i o n s  i n  t h e  Plewton r e g i o n  i s  
found w i t h i n  t h e  d rag  c o e f f i c i e n t .  
Equa t ion  2.54 i s  t h e  m u l t i p a r t i c l e  l i n e a r i z e d  e q u a t i o n  o f  m o t i o n  f o r  
p a r t i c l e s  o f  a w ide  range o f  p a r t i c l e  Reynold 's  number. 
l i t h  t h e  l i n e a r i z e d  e q u a t i o n  o f  mot ion,  a s o l u t i o n  w i l l  be demonst ra ted 
i n  t h e  n e x t  s e c t i o n  f o r  t h e  p a r t i c l e  response f u n c t i o n  and s t a t i s t i c a l  
q u a n t i t i e s .  
2.4 P a r t i c l e  Response Funct ion,  Energy Spect ra ,  A u t o c o r r e l a t i o n  and 
D i s p e r s i o n  
I n  t h i s  s e c t i o n ,  t h e  mu1 t i p a r t i c l e  e q u a t i o n  o f  m o t i o n  w i l l  be used t o  
c a l c u l a t e  s t a t i s t i c a l  q u a n t i t i e s ,  making use o f  t h e  method d e s c r i b e d  by  
Chao (1964). 
S t a r t i n g  w i t h  t h e  e q u a t i o n  o f  mo t ion :  
:splakrC Lq~lenba a147 jo apks auo uo sakg~3ola~ al3~3~ed ay3 Gukdnovrg 
From t h e  d e f i n i t i o n  i n  E q u a t i o n  2.62, t h e  p a r t i c l e  ene rgy  s p e c t r a  i s :  
Ep(w)  = O(a> E,Co') (2.64 ) 
Thus, i f  t h e  f l u i d ' s  energy  s p e c t r a  i s  known, t h e  p a r t i c l e ' s  energy  can be 
de te rm ined  t h r o u g h  t h e  p a r t i c l e  response f u n c t i o n .  Hence, t h e  prob lem 
reduces t o  o b t a i n  t h e  energy  s p e c t r a  f o r  t h e  f l u i d .  
The f l u i d  energy  s p e c t r a  can be o b t a i n e d  f rom t h e  f l u i d ' s  Lag rang ian  
a u t o c o r r e l a t i o n  by making use o f  a  colnnion t e c h n i q u e  i n  t u r b u l e n c e .  The 
energy  s p e c t r a  can be de te rm ined  from: 
To de te rm ine  t h e  Lagrang ian  a u t o c o r r e l a t i o n  c o n s i d e r  a  p a r t i c l e  as i t  f a l l s  
t h r o u g h  t h e  f l u i d .  The p a r t i c l e  saniples t h e  f l u i d ' s  b e h a v i o r  a t  a  r a t e  t h a t  
i s  p r o p o r t i o n a l  t o  i t s  v e l o c i t y .  W i t h  t h i s  i n  n l i n d , t h e  Lagrang ian  s p a t i a l  
c o r r e l a t i o n ,  d e f i n e d  as 
where A, i s  t h e  Lagrang ian  s p a t i a l  macrosca le .  R e c a l l i n g  t h a t  the s p a t i a l  
c o r r e l a t i o n  i s  i n v a r i a n t  w i t h  r e s p e c t  t o  t r a n s l a t i o n  i n  homogeneous, i s o t r o p i c  
t u r b u l e n c e ,  we can express  t h e  s p a t i a l  s c a l e  and i t s  argument as :  
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Thus, w i t h  t h e  p roper  s u b s t i t u t i o n ,  l a t e r a l  and l o n g i t u d i n a l  a u t o c o r r e l a t i o n  
f o r  p a r t i c l e s  o f  v a r i o u s  Reyno ld ' s  numbers can be ob ta ined .  T a y l o r  (1927) 
p r e d i c t e d  t h e  d i s p e r s i o n  i n  a  homogeneous i s o t r o p i c  t u r b u l e n t  f l o w  f i e l d .  
Kanpe de F e r i e t  ( 1  939) expressed T a y l o r ' s  r e s u l t s  i n  t h e  f o l l o w i n g  form.  
Through s u b s t i t u t i o n  and a  c o n s i d e r a b l e  e f f o r t ,  t h e  d i s p e r s i o n s  were found 
t o  be: 
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2.5 D i s c u s s i o n  o f  Parameters 
Severa l  parameters  have been de f ined  i n  t h e  developl i ient o f  t h e  t h e o r y .  
Some o f  t h e  parameters  were d e f i n e d  f o r  conven ience w h i l e  o t h e r s  a r e  o f  
impor tance.  The p r i m a r y  parameters  a r e  "k ($) ,  @($)  and S($ ) .  
The parameter a k ( $ )  d e f i n e d  i n  Equa t ions  2.55, 2.56 and 2.57 c o n t a i n s  
t h e  p a r t i c l e ' s  p h y s i c a l  c h a r a c t e r i s t i c s ,  as w e l l  as  t h e  f l u i d ' s .  The p a r t i c l e -  
f l u i d  hydrodynamic e f f e c t s  a r e  a l s o  i n c l u d e d  t h r o u g h  t h e  f u n c t i o n ,  A($). 
I f  one r e a r r a n g e s  t h e  B($)  i n  t h e  f o l l o w i n g  fo rm:  
T h i s  can be seen as  t h e  r a t i o  o f  t h e  mass o f  a  " f l u i d  p a r t i c l e "  p l u s  i t s  
v i r t u a l  mass t o  t h a t  o f  t h e  p a r t i c l e ' s  mass p l u s  i t s  m o d i f i e d  v i r t u a l  mass. 
I t  i s  when t h e  a k ( + ) ,  B (g )  te rms a r e  combined t h a t  one sees t h e  impor-  
t ance  o f  t hese  parameters .  6  i s  d e f i n e d  by t h e  E q u a t i o n  2.83 as 
where T  i s  t h e  p r o p e r l y  s c a l e d  Lagrang ian  macrosca le ,  as d e f i n e d  by f,z 
E q u a t i o n  2.71 : 
Cons ider  t h e  case f o r  S t o k i a n  p a r t i c l e s ,  assuming v e r y  d i l u t e  suspens ion 
such as  A ( $ ) = l ,  t h e  S t o k i a n  response t i m e  i s  d e f i n e d  as :  
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The assunr(~t ions l e a d i n g  t o  t h e  1  i n e a r i z a t i o r ~  and sinipl i f i c a  t i o n  o f  t h e  
equa t i on  o f  n io t ion r e q u i r e  t h e  p a r t i c l e  t o  be ve ry  snial l  as conipared t o  
t h e  m i c rosca le  of t h e  turbu lence,  and t h a t  t h e  Basset term can be ignored. 
Meek (1972) c a l c u l a t e d  t h e  response f u n c t i o n  f o r  t h e  l i n e a r i z e d  equa t ion  o f  
mot i o n  w i t h  Basset term ( f o r  ve r y  d i  1  u t e  suspensions).  A  comparison between 
Meek's response f u n c t i o n  and t h e  response f u n c t i o n  c a l c u l a t e d  w i t h o u t  t h e  
Basset tern1 i s  shown i n  F i gu re  2.5. For p a r t i c l e s  o f  B ' s  near 1, t h e  s i m p l i -  
f i e d  r e s u l t s  a r e  reasonably  c l o s e  t o  t h e  genera l  t heo ry  o f  Meek's. As t h e  
p a r t i c l e  becomes ve ry  heavy w i t h  r espec t  t o  t h e  f l u i d ,  t h e  Basset t e r ~ l i  
p r e d i c t s  rrlore i n f o r m a t i o n  be ing t r a n s f e r r e d  t o  t h e  p a r t i c l e ,  hence i t i  s  
importance becomes apparent.  It i s  f e l t  t h a t  t h e  Basset term c o n t r i b u t i o n ,  
a t  B 's  c l o s e  t o  u n i t y ,  i s  n o t  s u f f i c i e n t l y  l a r g e  t o  war ran t  t h e  a d d i t i o n a l  
comp lex i t y  o f  t h e  s o l u t i o n .  
The l i n e a r i z e d  equa t ion  has been extended f rom S t o k i a n  r e s t r i c t i o n s  t o  
a  wide range o f  non-Stokian behav ior .  Th i s  i s  an impo r tan t  a d d i t i o n  due t o  
t h e  f a c t  t h a t  most a p p l i c a t i o n s  a r e  o f  non-Stokian p a r t i c l e s  suspended i n  a  
f l u i d  such as r i v e r s  and s l u r r i e s .  
The pas t  work o f  Meek and Howard assumed i n c o r r e c t l y  t h e  i s o t r o p i c  
behav io r  o f  p a r t i c l e s  w i t h  f i n i t e  f r e e - f a l l  v e l o c i t e s .  The approach taken i n  . 
t h i s  development assullies t h a t  o n l y  t h e  f l u i d  i s  i s o t r o p i c  i n  behav ior .  Hence, 
l a t e r a l  f l u i d  a u t o c o r r e l a t i o n  was used t o  p r e d i c t  l a t e r a l  p a r t i c l e  behav ior  
i ns tead  o f  app l y i ng  i s o t r o p i c  r e l a t i o n s h i p s  t o  t h e  p a r t i c l e s  d i r e c t l y .  
The parameter ~ ( 4 )  discussed e a r l i e r  can be thought  o f  as t h e  r a t i o  o f  
t h e  amount o f  t ime  a  p a r t i c l e  needs t o  respond t o  t h e  eddy i t  res i des  w i t h i n ,  
t o  t h e  t i n ie  i t  r e s i d e s  w i t h i n  t h e  eddy.   his can s imp l y  be seen f o r  a  p a r t i c l e  
fa1  1  i n g  w i t h i n  t h e  newton r e g i o n  o f  drag. Consider T f Y z  fro111 Equat ion 2.71 

Since  f>>U,,' 
wh ich  s t a t e s  t h e  t i m e  p a r t i c l e  r e s i d e s  w i t h i n  an eddy o f  t y p i c a l  l e n g t h  A Z .  
If one s u b s t i t u t e s  Equa t ion  2.101 i n t o  E q u a t i o n  2.100: 
Thus 4 ( @ )  i s  t h e  r a t i o  o f  t h e  p a r t i c l e  response t i m e  t o  t h e  t i m e  spen t  w i t h i n  
an eddy. The p a r t i c l e  response t i m e  i s  a l s o  a  f u n c t i o n  o f  t h e  volume l o a d i n g s .  
T h i s  i s  expected.  As t h e  volume l o a d i n g  i nc reases ,  t h e  response t i m e  a p p a r e n t l y  
decreases.  T h i s  i s  due t o  t h e  expected i n c r e a s e  i n  t h e  f l u i d  i n t e n s i t i e s  o r  
amp l i t ude ,  t h u s  a l l o w i n g  t h e  p a r t i c l e  t o  sense l a r g e r  impu lses  and hence 
appear ing  t o  respond i n  a  s h o r t e r  t i n ie .  
I n  c l o s i n g ,  t h e  t h e o r y  s e t  f o r t h  h e r e  i s  capab le  o f  p r e d i c t i n g  t h e  
s t a t i s t i c a l  q u a n t i t i e s  o f  p a r t i c l e s  w i t h i n  a  t u r b u l e n t  f l u i d .  Thus, if t h e  
t h e o r y  p roves  t o  be v a l i d ,  e n g i n e e r i n g  p r c d i c t i o n s  o f  p a r t i c l e  b e h a v i o r  can 
be made f o r  a  v a r i e t y  o f  a p p l i c a t i o n s .  
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p a r t i c l e s  as w e l l  as f u l l y  developed t u r b u l e n t  f l ow.  The homogeneous mix- 
t u r e  o f  p a r t i c l e s  and wate r  e x i t s  t h e  i n l e t  s e c t i o n  i n t o  t h e  v e r t i c a l  t e s t  
s e c t i o n  where t h e  t u r b u l e n t  c h a r a c t e r i s t i c s  o f  t h e  f l u i d  and p a r t i c l e  were 
measured. 
The t e s t  s e c t i o n  would be f i t t e d  w i t h  one of  two 17 f o o t ,  7 1 /4  i n c h  
I. D. sec t ions .  F l  u i d  measurements were conducted i n  an a1 uminum s e c t i o n  
w i t h  e n t r y  p o r t s  p rov ided  a t  severa l  a x i a l  and r a d i a l  p o s i t i o n s ,  f o r  which 
a  d e t a i l e d  d e s c r i p t i o n  cou ld  be found i n  Howard's t hes i s .  For  p a r t i c l e  
t r a c k i n g ,  t h e  aluminum s e c t i o n  was rep laced  w i t h  a  smooth, c l e a r  l u c i t e  
tube w i t h  dimensions i d e n t i c a l  t o  t he  aluminum sec t i on .  Th i s  p rov ides  a  
u n i f o r m  t r a c k  f o r  t h e  c a r r i a g e  t o  t r a v e r s e  down t h e  t e s t  sec t i on .  
A t  t h e  base o f  t h e  t e s t  sec t i on ,  a  90' elbow was f i t t e d  w i t h  a  honey- 
comb o f  tubes t o  assure symmetry o f  t h e  f l o w  upstrearr~ o f  t h e  e l  bow. 
From t h e  t e s t  s e c t i o n  t h e  p a r t i c l e  suspension en te r s  t h e  p a r t i c l e  
separator ;  t h e  purpose o f  which was t o  concen t ra te  t h e  p a r t i c l e  suspension 
t o  a  s l u r r y  o f  p a r t i c l e s ,  o r i g i n a l l y  t h e  sepa ra to r  cons i s t ed  o f  a  2 f o o t  
d iameter  c i r c u l a r  t ank  w i t h  an 8 i n c h  I.D. i n l e t ,  a  6 i n c h  I . D .  screened 
bypass o u t l e t  and a  3 i n c h  I . D .  s l u r r y  o u t l e t .  The o p e r a t i n g  performance 
proved t o  be poor  due t o  d ropou t  o f  p a r t i c l e s  w i t h i n  t h e  separa to r .  Hence 
a  reduc ing  3 i n c h  I.D. p e r f o r a t e d  p i p e  was f i t t e d  w i t h i n  t h e  sepa ra to r  t o  
p r o v i d e  a  con f i ned  pa th  f o r  t h e  p a r t i c l e s ,  w h i l e  a l l o w i n g  f l u i d  t o  f l o w  
through t h e  bypass. The p a r t i c l e  s l u r r y  e x i t e d  f rom t h e  sepa ra to r  i n t o  a  
Ven tu r i  Flow Meter.  
TheV$entur i  Flow Meter  was cons t ruc ted  o f  ' l u c i t e ,  w i t h  an i n l e t  o f  3 
inches I.D., a  t h r o a t  d iameter  o f  1  i n c h  and d i v e r g i n g  w i t h  a  5" i n c l uded  
ang le  t o  a  3 i n c h  I .D. C a l i b r a t i o n  o f  t h e  f l o w  n ie ter  was performed u s i n g  
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of ho l  d i ng  t h e  e n t i r e  water  i nven to r y ,  approx imate ly  750 ga l  l ons .  The 
wate r  i s  drawn th rough  severa l  b a f f l e s  and down th rough  a  t u b u l a r  hea t  
exchanger w i t h i n  t h e  s to rage  tank.  The temperature o f  t h e  wa te r  can be 
regu la ted  by pass ing h o t  o r  c o l d  wa te r  th rough  t h e  t u b u l a r  heat  exchanger. 
The temperature w i t h i n  t h e  system can be he1 d  cons tan t ,  w i t h i n  + 1  OF, 
d u r i n g  t h e  experiments. I n  a l l  t h e  exper iments t h e  wate r  temperature 
was 80°F. 
The wa te r  i s  drawn f rom t h e  s to rage  t ank  by an I n g e r s o l l  Rand C e n t r i -  
f uga l  T rans fe r  pump (11.5 hp, 400 gpm a t  90 f o o t  head), which d r i v e s  t he  
j e t  pump and a d d i t i o n a l l y  p rov i des  t h e  make-up wate r  t o  t h e  header tank.  
I n  o r d e r  t o  m a i n t a i n  a  cons tan t  l e v e l  w i t h i n  t h e  header tank,  an over -  
f l o w  w e i r  was employed. . 
S ince one o f  t h e  p a r t i c l e s  was r a d i o a c t i v e ,  i t  had t o  be removed f rom 
the  system a t  t h e  end o f  each day and p laced  i n  a  sh i e l ded  sa fe  s to rage  
area. I n  o r d e r  t o  accompl ish t h i s  task,  as w e l l  as change t h e  r e l a t i v e  
load ings ,  a  p a r t i c l e  "Ca t che r - i n j ec to r "  was i n s t a l  1  ed i n  t h e  s l u r r y  r e t u r n  
l i n e .  R e f e r r i n g  t o  F i g u r e  3.3, a  s t a i n l e s s  s t e e l  screen cone, w i t h  a  t r a p  
door  a t  i t s  base was f i t t e d  w i t h  a 55 g a l l o n  s t e e l  drum, 18 . f e e t  above t h e  
daturn. The base o f  t h e  t r a p  door  lead, v i a  a  2 i n c h  I . D .  p.v.c. p ipe ,  t o  
t he  p a r t i c l e  s l u r r y  r e t u r n  l i n e .  Coming f rom the  s l u r r y  r e t u r n  l i n e  a  2 
i n c h  I.D. p.v.c. p i p e  leads  up through a  b u t t e r f l y  v a l v e  t o  t h e  t o p  o f  t h e  
screened cone. I n j e c t i o n  o f  p a r t i c l e s  was accompl ished by  f i l l  i n g  t h e  
screen cone w i t h  a  d e s i r e d  amount o f  p a r t i c l e s ,  opening t h e  t r a p  door 
a l l o w i n g  p a r t i c l e s  t o  t r a v e l  down t o  t h e  s l u r r y  r e t u r n  l i n e  and be ing  
drawn t o  t h e  header tank  by t h e  j e t  pump. Recovery o f  t h e  p a r t i c l e s  was 
performed by c l o s i n g  t h e  t r a p  door and a l l o w i n g  t h e  p a r t i c l e  s l u r r y  t o  
BUTTERFLY 
VALVE 
F igu re  3.3 Schematic Diagram o f  t h e  P a r t i c l e  "Catcher-  
I n j e c t o r "  Used t o  Load and Unload t h e  Par- 
t i c l e  I n v e n t o r y  I n t o  t h e  Loop 
t r a v e l  up t o  t he  screen cone; excess wa te r  d ra i ned  t o  t h e  s to rage  tank  and 
t h e  p a r t i c l e s  remained w i t h i n  t h e  cone. 
3.2 F l u i d  Data A c q u i s i t i o n  and Ana l ys i s  System 
Standard anemometer t ech r~ iques  were used t o  o b t a i n  t he  f l u i d  Tl  u c t u a t -  
i n g  v e l o c i t y .  A  schematic diagram o f  t h e  E l e c t r o n i c  Data A c q u i s i t i o n  
System i s  shown i n  F i gu re  3.4. 
Due t o  i t s  rugged des ign i t  was f e l t  t h a t  a  c o n i c a l  probe would w i t h -  
s tand  d ' l r ec t  c o l l i s i o n s  w i t h  p a r t i c l e s ,  w i t h  a  minin~um amount o f  damage, 
hence a  t l iemosystems 1230U c o n i c a l  sensor  was err~ployed. The sensor  was 
mounted on a  t r a v e r s i n g  mechanism, capable  o f  sweeping across t h e  d iameter  
o f  t h e  aluminum t e s t  s e c t i o n  a t  va r i ous  a x i a l  p o r t  l o c a t i o n s .  For  a  
d e t a i l e d  d e s c r i p t i o n  o f  t h e  t r a v e r s i n g  dev ice,  c o n s u l t  Jones (1 966) and 
tioward (1 974). 
The sensor  was operated i n  t he  cons tan t  temperature mode by a  Disa 
55D01 anemometer. L i n e a r i z a t i o n  was performed by a  Disa 55D10 L i n e a r i z e r ,  
w i t h  t l i e  p roper  exponent ob ta ined  f rom c a l  i b r a t i o n  exper i r i~en t .  The 
vo l t age  s i g n a l  f rom t h e  L i n e a r i z e r  passes th rough  a  bandpass f i l t e r .  The 
bandpass f requenc ies  were 0.01 hz t o  100 hz, t h i s  was done t o  e l i m i n a t e  
t h e  D.C. component o f  t h e  s i gna l ,  as w e l l  as, unwanted h i g h  f requency 
no ise.  P r i o r  t o  t h e  bandpass f i l t e r ,  an i n t e g r a t o r  i n  l i n e  w i t h  a  D.V.M. 
was used t o  o b t a i n  t h e  mean D.C. vo l tage ,  co r respond ing  t o  a  mean v e l o c i t y  
measurement. Vo l tage  rms measurements were made by a  T.S.I. 1060 True 
R.14.S. meter.  
A  data s w i t c h  was i nco rpo ra ted  f o r  p r o v i d i n g  a  means o f  s e l e c t i n g  a  
s i n e  wave s i g n a l  f o r  c a l i b r a t i o n  and exper iment  separa t ion .  The data were 

recorded  on ana log  t a p e  by a  Sangamon Model 3560 Ftl  tape recorder ,  a t  a  
speed o f  3.75 inches p e r  second. Record l e n g t h s  o f  t e n  minutes were r e -  
corded f o r  most o f  t h e  experiments. The l o n g  r e c o r d  l e n g t h  was necessary  
f o r  a  reasonable  r e c o r d  l e n g t h  a t  a  p layback speed o f  60 inches p e r  second. 
By p l a y i n g  back t o  d a t a  a t  60 i p s  t h e  d a t a ' s  f requency s p e c t r a  was a r t i -  
f i c i a l l y  s h i f t e d  up by a  f a c t o r  o f  16. T h i s  was necessary  i n  o r d e r  t o  
employ a u d i o  equipment i n  t h e  da ta  a n a l y s i s .  
A n a l y s i s  o f  t h e  da ta  was performed o f f l i n e  u s i n g  t h e  a n a l y s i s  system 
stlown i n  F i g u r e  3.5. Vo l tage  s i g n a l s  were p l a y e d  back i n  a  100 p o i n t  
c o r r e l a t o r ,  S a i c o r  l lode l  42; wiiere a u t o c o r r e l a t i o n  f u n c t i o n s  were c a l c u l a t e d .  
The d a t a  f rom t h e  c o r r e l a t o r  was d i s p l a y e d  g r a p h i c a l l y  by  a  X-Y p l o t t e r ,  
Houston Ins t ruments  Orlinigraphlc 2000 X - Y  p l o t t e r .  The numer ica l  v a l  ues o f  
t h e  a u t o c o r r e l a t i o n  o b t a i n e d  f rom t h e  c o r r e l a t o r  by a  microcomputer.  
T h i s  employed t h e  6000 Mic roprocessor  L.S. I. ch ip ,  t o  i n t e r r o g a t e  t h e  
c o r r e l a t o r  f o r  t h e  v o l t a g e  v a l u e  o f  t h e  100 p o i n t s  p l o t t e d ,  p e r f o r m  a  
b i n a r y  t o  B.C.D. convers ior l  and d i s p l a y  t h e  va lues  on a  p r i n t e r .  A d d i t i o n -  
a l  i n f o r m a t i o n ,  I n  t h e  form o f  power s p e c t r a  and macroscales was c a l c u l a t e d  
from da ta  o b t a i n e d  f r o m  t h e  100 p o i n t  c o r r e l a t o r .  
3 . 3  P a r t i c l e  Data A c q u i s i t i o n  and A n a l y s i s  System 
The o b j e c t i v e  o f  t h e  Data A c q u i s i t i o n  System was t o  p r o v i d e  con t inuous  
m o n i t o r i n g  o f  t h e  p a r t i c l e ' s  v e l o c i t y  as i t  proceeded t h r o u g h  t h e  t e s t  
s e c t i o n .  T h i s  s e c t i o n  w i l l  d i s c u s s  i n  d e t a i l  t h e  da ta  a c q u i s i t i o n  and 
a n a l y s i s  systems shown i n  F i g u r e  3.6. 
The o r i g i n a l  concept  was p r o v i d e d  by Jones (1966). A1 though h i s  d a t a  
were p lagued w i t h  no ise,  he was a b l e  t o  show t h a t  t h e  b a s i c  concept  was 
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F i g u r e  3.6 P a r t i c l e  Data A c q u i s i t i o n  and A n a l y s i s  
Sys terns 
workable. Improvements by S h i r a z i  (1 967), Meek (1 972) and Itoward (1 974) 
e l i m i n a t e  most o f  t h e  no i se  w i t h i n  t h e  system, b u t  u n c e r t a i n t i e s  were s t i l l  
p resen t  and a  complete overhaul o f  t h e  Data A c q u i s i t i o n  System was i n  o rder .  
Re fe r r ing  t o  F igu re  3.7, an aluminum ca r r i age ,  which surrounds t h e  
l u c i t e  t e s t  sec t i on ,  t r aces  a  r a d i o a c t i v e l y  tagged p a r t i c l e  as i t  nav iga tes  
down t h e  t e s t  sec t ion .  Mounted on t h e  ca r r i age ,  as shown i n  F igu re  3.8, 
a r e  e i g h t  Harshaw Chemical Co. Gamnia Ray Detectors .  Each d e t e c t o r  c o n s i s t s  
o f  a  pho tomu l t i p l - i e r  tube (RCA l lodel  6199) w i t h  a  NaI c r y s t a l  niount w i t h i n  
a  h e r m e t i c a l l y  sealed a l u~n inu~n  s h e l l .  I n  a d d i t i o n ,  each d e t e c t o r  was 
wrapped i n  Mv metal  t o  s h i e l d  t h e  d e t e c t o r  f rom magnet ic d is turbances.  
Each o f  t h e  e l e c t r o n i c  boxes c o r ~ t a i r ~ e d  t h e  r e s i s t o r  network f o r  t h e  P.M. 
tubes. The P.M. tubes were operated a t  800 v o l t s  f rom two w e l l  r egu la ted  
power supp l ies .  Depending upon t h e  d i s tance  between t h e  p a r t i c l e  and t h e  
face o f  t h e  de tec to r ,  t h e  o u t p u t  vo l t age  v a r i e d  f rom 0.0 v o l t s  t o  -8.00 
v o l t s .  T y p i c a l l y  a  two hour warm-up p e r i o d  was necessary f o r  s t a b l e  
ope ra t i on .  
The c a r r i a g e  was d r i v e n  by a  hydraul  i c  systern connected t o  t h e  
c a r r i a g e  v i a  s t e e l  cables. D e t a i l s  o f  i t s  o p e r a t i o n  rrlay be found i n  Jones' 
t hes i s .  The t r a c k i n g  c a p a b i l i t y  o f  t h e  c a r r i a g e  i s  due t o  a  feedback c i r -  
c u i t  d r i v e n  by t h e  d i f f e r e n c e  between t h e  Z IT  and Z1B s i gna l s ;  t h e  c a r r i a g e  
seeks t o  m in im ize  t h e  d i f f e r e n c e  as t h e  p a r t i c l e  t r ave rses  t h e  t e s t  sec t i on ,  
caus ing  t h e  p a r t i c l e  t o  be near t h e  r e l a t i v e  a x i a l  midplarle o f  t h e  ca r r i age .  
The s e n s i t i v i t y  o f  t h e  feedback network may be ad jus ted  t o  f o l l o w  t h e  
p a r t i c l e  c l o s e l y  o r  lowered t o  m a i n t a i n  a  cons tan t  v e l o c i t y .  A t  e i t h e r  
end o f  t h e  t e s t  sec t i on ,  l i m i t  swi tches were p rov ided  t o  s top  t h e  ca r r i age .  
Figure  3.7 Carr iage Support and D r i v e  System 
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F igure  3.8 Schematic o f  P h o t o m u l t i p l i e r  Geometry About Test  Sect ion 
I n  p a s t  i n v e s t i g a t i o n s ,  problems assoc ia ted  w i t h  t h e  c a r r i a g e  v e l o c i -  
meter  had hampered i n t e r p r e t a t i o n  o f  t he  a x i a l  v e l o c i t y  data.  The pas t  
system cons i s t ed  o f  two po ten t iomete rs ,  180" o u t  o f  phase w i t h  r e s p e c t  t o  each 
o ther ,  d r i v e n  by  a  common s h a f t  f rom t h e  i d l e r  p u l l e y .  As t h e  c a r r i a g e  
descended, a  s e r i e s  o f  ramps were generated f rom which v e l o c i t i e s  were 
i n f e r r e d .  Th is  method proved t o  be n o i s y  f rom severa l  p o i n t s  o f  v iew w i t h  
reasonable f i l t e r i n g  do ing  l i t t l e  t o  improve t h e  data.  Tllus a  new analog- 
d i g i t a l  h y b r i d  ve l oc ime te r  was developed. The h y b r i d  ve l oc ime te r  elnployed 
a  t i m i n g  wheel, shown i n  F i gu re  3.9, which con ta ined  180 p a i r s  o f  s l o t s .  
As t h e  t i m i n g  wheel i s  spun, by t h e  i r l l e r  sha f t ,  a  l i g h t  beam 
passes a l t e r n a t e l y  th rough  t h e  t i m i n g  s l o t s  s t r i l t i n g  t h e  p h o t o r e s i s t o r  
and changing i t s  r e s i s t a n c e  by 10,000 f o l d .  The o p t i c s  a r e  o f  a  s imp le  
na tu re  as shown by  F igu re  3.10. The p h o t o r e s i s t o r  i s  connected i n  t h e  c i r -  
c u i t  shown i n  F i g u r e  3.11. The f i r s t  two stages p rov i ded  a  d i g i t a l  s i g n a l ,  
t h e  frequency o f  which was dependent on t h e  angu la r  v ,e loc i t y  o f  t h e  t i m i n g  
wheel , and hence t h e  c a r r i a g e ' s  v e l o c i t y .  The d i g i t a l ,  TTL compatible, 
s i g n a l  i s  used t o  t r i g g e r  a  monostable. The monostable p rov i des  a  35 psec 
p u l s e  w i d t h  a t  t h e  g i v e n  i n p u t  r a te .  Conversion from t h e  f requency domain 
t o  t h e  v o l t a g e  domain was p rov ided  by a  l i n e a r  f r e q ~ ~ e n c y  t o  v o l t a g e  con- 
v e r t e r ,  Date1 Model VFV-1OK. A 10 Hz low pass f i l t e r  was i nco rpo ra ted  t o  
remove r e s i d u a l  r i p p l e  on t he  o u t p u t  D.C. s i g n a l .  An a m p l i f i e r  w i t h  a  
ga in  o f  20 db was used t o  p r o v i d e  a  s i g n a l  t o  t he  recorder .  The 1  i n e a r  
r e l a t i o n  between t h e  vo l  tage f rom t h e  ve loc ime te r  and t h e  c a r r i a g e  v e l o c i t y  
i s :  




vo l tage .  Experinients were conducted t o  c o n f i r m  t h e  ve loc ime te r  charac- 
t e r i s t i c s .  The r e s u l t s  i n d i c a t e d  an e r r o r  o f  l e s s  than  0.1%. 
The c a r r i a g e  ve loc ime te r  vo l  tage, a l ong  w i t h  t h e  e i g h t  photomul t i- 
p l  i e r  tube  s i g n a l s  completes t h e  i n i t i a l  s tage  o f  t h e  Data A c q u i s i t i o n  
System. From t h e  ca r r i age ,  t h e  8 P.M. tube  s i g n a l s  were f e d  i n t o  an 
a t t e n u a t o r  i n  o r d e r  t o  balance and c a l i b r a t e  t h e  c h a r a c t e r i s t i c s  o f  t h e  
P.M. tubes. I n  o r d e r  t o  remove t h e  n o i s e  generated by t h e  random decay 
o f  t h e  r a d i o a c t i v e  source, p re -ana l ys i s  f i l t e r i n g  was p rov i ded  by a  
t h i r d  o rder ,  a c t i v e  low pass f i l t e r  f o r  each channel o f  data .  The c u t o f f  
f requency was 100 Hz and t h e  c h a r a c t e r i s t i c s  a r e  shown i n  F i gu re  3.12. 
F i gu re  3.13 shows t h e  a t t e n u a t i o n  and f i l t e r i n g  c i r c u i t .  
From t h e  a c t i v e  f i l t e r  t h e  f o u r  p a i r  o f  data  channels a r e  d i f f e r e n c e d  
by f o u r  Bay l a b o r a t o r i e s  d i f f e r e n c i n g  a m p l i f i e r  such t h a t  t h e  o u t p u t  were: 
where e  i n d i c a t e s  t h e  v o l t a g e  f rom t h e  xl P.M. tube  and so on. 
X1 
From t h e  Bay Lab a m p l i f i e r s  t h e  f o u r  d i f f e r e n c e d  s i g n a l s  (T, U, V1, 
Vp), t h e  c a r r i a g e  ve loc ime te r  s i g n a l  and a  t r i g g e r  s i g n a l  were f e d  
through a  data s w i t c h  t o  t h e  Sanganlo 3560 FFI recorder .  The reco rde r  
operated a t  3.75' i nches  p e r  second. 
The f o u r  d i f f e r e n c e d  vo l tages  were used t o  determine t h e  p o s i t i o n  o f  
t he  p a r t i c l e  w i t h i n  t h e  t e s t  s e c t i o n .  I n  o r d e r  t o  assure  t h a t  t h e  p a r t i c l e  
exper ienced re1  a t i  v e l y  homogeneous i s o t r o p i c  tu rbu lence ,  o n l y  runs  where 
FREQUENCY (Hz )  
Figure 3.12 Characterist ics of 3rd Order Active F i l t e r  \ilith a 
Cutoff Frequency of 100 tiz 

t h e  p a r t i c l e  r e s i d e d  w i t h i n  t h e  co re  r e g i o n  of  t h e  p i p e  were analyzed. A 
c a l i b r a t e d  reg ion ,  shown i n  F i gu re  3.8, was d e f i n e d  as a  14 cm by 14 cm 
r i g h t  c i r c u l a r  c y l i n d e r  w i t h i n  t he  co re  r e g i o n  o f  t h e  p ipe.  C a l i b r a t i o n  
I o f  the  T, U, V1, and V2 vo l tages  t o  abso lu te  p o s i t i o n  was accompl ished by 
I 
p l a c i n g  a  t e s t  source a t  over  1232 separate  l o c a t i o n s  th roughou t  t h e  
i 
i c a l i b r a t e d  reg ion .  fly suninling t he  V1 and V 2  vo l tages  as: 
i t  was found t h a t  Ty U, and V p rov i ded  a  r e l a t i v e l y  l i n e a r  r e l a t i o n s h i p  
between p o s i t i o n  and vo l tage.  Th is  i s  demonstrated i n  F i g u r e  3.14. The 
c a l i b r a t i o n  da ta  was f i t t e d  by a  l e a s t  squares technique, t o  a  t h i r d  o r d e r  
I 1 po lynomia l  f o r  t h e  X, Y, Z d i r e c t i o n s .  The f u n c t i o n a l  form be ing :  
o r :  
S i m i l a r l y  f o r  t h e  Y and Z d i r e c t i o n s :  
W i t h  t h e  r e c o r d i n g  o f  t h e  ana log  s i gna l s ,  a  permanent r eco rd  was 
c rea ted  f o r  l a t e r  d i g i t a l  ana l ys i s .  To conve r t  fror11 t h e  ana log  domain t o  
I t h e  d i g i t a l  domain a  Sp i r as  65 Ana log - t o -D ig i t a l  c o n v e r t e r  was employed. 
I 




Th i s  u n i t  d i g i t i z e d  a1 1  13 channels coming from t h e  Sangamo 3560 a t  a  r a t e  
o f  1  m i l l i s e c o n d  between po in t s .  The 2 Byte, 16 b i t  words were recorded 
I 
I i n  780 word b locks  on a  9 channel d i g i t a l  tape. 
I 
I The d i g i t a l  tapes c rea ted  by t h e  Spi  r as  65 were conver ted  by a  tape 
i 
convers ion program (TACOS). Conversion vias necessary t o  improve t h e  
I 
\ e f f i c i e n c y  o f  t h e  data hand1 i n g  and a1 so t o  p rov ide  t h e  p roper  normal i- 
z a t i o n  o f  t h e  data. Norma l i za t ion  was performed by ana l yz i ng  a  zero s i g -  
I 
na l  and a  5.00 v o l t  ga in  s igna l ,  from which t h e  proper  zero and ga in  con- 
s t a n t s  were ca l cu la ted .  V i t h  t h e  d i g i t a l  tapes f rom TACOS, s t a t i s t i c a l  
ana l ys i s  cou ld  be performed by t h e  main a n a l y s i s  program (MAP). 
The main a n a l y s i s  program was t h e  workhorse f o r  p a r t i c l e  ana l ys i s .  
MAP prov ided  most o f  t h e  s t a t i s t i c a l  q u a n t i t i e s  f o r  each r u n  o f  data.  
F i gu re  3.15 shows a  ve ry  s i m p l i f i e d  f l o w  c h a r t  o f  E,lap/7. Once t h e  data f o r  
a  run has been read  f rom t h e  tape, a  Gaussian d i g i t a l  low pass f i l t e r  i s  
a p p l i e d  t o  t h e  data.  The cu to f f - f requency ,  Fgo, f o r  a1 1  o f  t h e  a n a l y s i s  
was 3 Hz. F i gu re  3.16 shows t y p i c a l  p a r t i c l e  spect ra ,  determined from 
a u t o c o r r e l  a t i o r ~  data ; ob ta ined  f o r  experiment., w i t h  t he  c h a r a c t e r i s t i c s  o f  
I 
t h e  f i l t e r s  a l s o  si- own. 
I The f i l t e r e d  data, c o n s i s t i n g  o f  T, U, V and t h e  c a r r i a g e  s i g n a l  a r e  i 
conver ted  t o  X, Y, Z p o s i t i o n a l  data us ing  equat ion  3.5, 3.6, and 3.7. 
1 The c a r t e s i a n  p o s i t i o n s  were then  conver ted t o  c y l i n d r i c a l  p o s i t i o n  as 
I 
f o l l ows :  
I 
8i = arc t ~ q  ( Yc/xi) 
t 
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F i g u r e  3.1 5 S i m p 1  i f i e d  F l o w  C h a r t  o f  P r o g r a m  
FILTER ATTEIYUATION 
The c y l  i n d r i c a l  v e l o c i t i e s  were i n f e r r e d  f rom t h e  c y l  i n d r i c a l  p o s i t i o n a l  1 
data us ing  t h e  f i r s t  o r d e r  d i f f e r e n c e  method. Th i s  i s  discussed i n  Appendix 
The v e l o c i t y  au tocovar i  ances were c a l c u l a t e d  us ing  t h e  s tandard 1 agged 
~ r o d u c t s  method: 
Add i t i ona l  s t a t i s t i c a l  i n f o r m a t i o n  such as t h e  skewness, k u r t o s i s ,  mean 
p o s i t i o n  and v e l o c i t y ,  m s  p o s i t i o n  and v e l o c i t y ,  and t he  v e l o c i t y  p robab i l  i- 
ty d e n s i t y  f u n c t i o n s .  A  d e s c r i p t i o n  o f  t h e i r  c a l u c l a t i o n s  can be found i n  
Appendix A. F u r t h e r  ana l ys i s  was p rov ided  by another  pro<;ram, EFISEMBLE; t h e  
d e t a i l s  o f  which w i l l  be discussed i n  Appendix A. 
3.4 D e s c r i p t i o n  and F a b r i c a t i o n  o f  t h e  P a r t i c l  es 
The p a r t i c l e s  used f o r  t h e  exper i rner~t  had t o  meet t he  f o l l o w i n g  r e q u i r e -  
ments : 
1. The s i z e  and d e n s i t y  had t o  be such t h a t  exper imenta l  
da ta  cou ld  be compared e f f e c t i v e l y  w i t h  t h e o r y  developed 
i n  Chapter 2. 
2. The phys i ca l  c h a r a c t e r i s t i c s  o f  t h e  p a r t i c l e  had t o  be 
such t h a t  t hey  remained s t a b l e  ove r  t h e  t ime o f  t h e  
exper iments . i 
i 3 .  The impact  s t r e n g t h  o f  t h e  p a r t i c l e s  had t o  be h i g h  
due t o  t he  h i gh  v e l o c i t y  c o l l i s i o n  t h e  p a r t i c l e s  
exper ienced w i t h i n  t he  s l u r r y  r e t u r n  1  ine .  
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Tab1 e 3.1 Physical Proper t ies  of P a r t i c l e s  
Free Fa1 1 Approx. blater 
Densi ty  Diameter V e l o c i t y  GIeight Reynolds Absorpt ion 
Experiment GM/cc CM crn/ sec mg Number % 
LTAG 1.05 .47625 7.26 59.4 413.0 0.03 
HTAG 1.18 .47625 14.54 66.7 821 .O 0.03 
measurable d i f f e r e n c e  i n  the  dens i t y .  A c l ose  watch o f  t he  d e n s i t y  o f  t he  
tagged p a r t i c l e  was maintained throughout t he  experiments. 
CHAPTER 4 EXPERIMENTAL IIEASUREMENTS AND COMPARISON WITH THEORY 
4.1 F l u i d  Measurements and D iscuss ion  
I t  i s  w i d e l y  acknowledged t h a t  susper~ded ma t t e r  mod i f i es  t h e  
t u r b u l e n t  s t r u c t u r e  o f  t h e  r e s i d i n g  f l u i d .  To what e x t e n t  a  n o n - d i l u t e  
volume l oad ing  changes t h e  f l u i d ' s  i n t e n s i t i e s  and i n t e g r a l  sca les  was 
o f  i n t e r e s t  i n  t h e  p resen t  exper imenta l  l o o p  i n  o r d e r  t o  p rov i de  i n p u t  
parameters f o r  t h e  t heo ry  developed i n  Chapter 2. Hence, an exper in iental  
i n v e s t i g a t i o n  was i n i t i a t e d  t o  q u a n t i t a v e l y  desc r i be  t h e  f l u i d ' s  
c h a r a c t e r i s t i c s  a t  va r ious  non -d i l  u t e  p a r t i c l e  volume load ings .  
Two separate  s e r i e s  o f  exper iments were performed: f i r s t ,  E u l e r i a n  
v e l o c i t y  measurements were at tempted w i t h  t h e  use o f  a  rugged con i ca l  
anemometer; secondly,  Lagrangian c h a r a c t e r i s t i c s  were t o  be es t imated  
by  t r a c k i n g  a  n e u t r a l l y  buoyant p a r t i c l e  c i r c u l a t i n g  w i t h i n  t h e  non- 
d i l u t e  suspensions. 
A  p r e l  i m i  nary  s e r i e s  o f  exper iments was f i r s t  conducted t o  determine 
t o  what e x t e n t  t h e  m o d i f i c a t i o n  made t o  t h e  system had on t h e  l o o p ' s  
t u r b u l e n t  c h a r a c t e r i s t i c s .  Using t h e  da ta  a c q u i s i t i o n  system shown i n  
F i gu re  3.4, t h e  f l u i d ' s  main v e l o c i t y  p r o f i l e  was measured. A  con i ca l  
probe was r a d i ' a l l y  t r ave rsed  across the  t e s t  sec t i on .  A l l  t h e  E u l e r i a n  
measurements, r e f e r r i n g  t o  F i gu re  4.1, were made a t  p o r t  A, l o c a t e d  35 
inches above t he  datum. The mean v e l o c i t y  data,  normal ized t o  c e n t e r l i n e  
mean v e l o c i t y ,  U , i s  shown i n  F i gu re  4.2. Good agreenient e x i s t s  w i t h  
ft 
t h e  p r o f i l e  ob ta ined  by Howard ( 1  974).  The t u r b u l e n t  i n t e n s i t y  def ined 
as Uiiz/Uft, was measured i n  t he  same fash ion  as t h e  mean v e l o c i t y  
p r o f i l e  data.  The r e s u l t s ,  shown i n  F i gu re  4.3, show good agreement w i t h  
Howard's data.  As a  comparison, i n t e n s i t y  measurements by Lau fe r  (1954) 
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a r e  a l s o  inc luded.  R e l a t i v e l y  good agreement e x i s t s  w i t h  L a u f e r ' s  data. I t  
should be po in ted  o u t  t h a t  L a u f e r ' s  r e s u l t s  were o r i g i n a l l y  normal ized w i t h  
t he  f r i c t i o n  v e l o c i t y ,  UT, and t h a t  some u n c e r t a i n t y  i s  i n t r oduced  i n  de te r -  
m in ing  t h e  c e n t e r l i n e  mearb v e l o c i t y  frorr~ U  and t h e  f r i c t i o n  f a c t o r .  
'r 
The f l u i d ' s  f l ~ c t u a t i n g  v e l o c i t y  was a l s o  recorded a t  severa l  r a d i a l  
l o c a t i o n s .  Of f -1  i n e  a n a l y s i s  y i e l d e d  t h e  , a u t o c o r r e l a t i o n  f unc t i ons ,  R , 
ef 
shown i n  F igu re  4.4. For each r a d i a l  l o c a t i o n ,  t he  t ime i n t e g r a l  sca le ,  
J E ( r ) ,  de f i ned  as: 
was determined. R e f e r r i n g  t o  F i  gure 4.5, excel  l e n t  agreement e x i s t s  
between Howard's data and t h a t  f o r  t h i s  study. 
A f t e r  r ev i ew ing  t h e  mean v e l o c i t y ,  i n t e n s i t y  and i n t e g r a l  sca l  es p ro -  
f i l e s ,  one comes t o  t h e  cor ic lus ion t h a t  t h e  n i o d i f i c a t i o n s  t o  t h e  f l o w  system 
had a  minimal e f f ec t  on t h e  E u l e r i a n  t u r b u l e n t  s t r u c t u r e s  i n  t h e  t e s t  sec- 
t i o n .  As a  r e s u l t  i t  would be expected t h a t  t h e  convec t i ve  p r o p e r t i e s ,  as 
measured by Howard, would n o t  be s i g n i f i c a n t l y  changed a1 so. 
A d d i t i o n a l  experinients were a l s o  conducted t o  c o n f i r m  the  p a r t i c l e  sus- 
pension homogeneity. P a r t i c l e s ,  a t  t he  des i r ed  volume load ing ,  were bu l  k 
loaded i n t o  t he  system. A f t e r  approx imate ly  10 minutes o f  ope ra t i on  t he  
a x i a l  v a r i a t i o n  i n  t he  p a r t i c l e  concen t ra t i on  appeared t o  be smal l  f rom 
v i s u a l  observa t ions .  Wi th  t h e  use o f  an i s o k i n e t i c  p a r t i c l e  sampler, shown 
i n  schematic forn i  i n  F igu re  4.6, r a d i a l  t r ave rses  of  t h e  c ross -sec t i on  o f  
t he  i t i l e t  s e c t i o n  were made. The r a d i a l  p a r t i c l e  concer i t ra t ion  p r o f i l e s ,  
f o r  t h e  p a r t i c l e  volume l oad ing ,  $, equal t o  one, two and t h r e e  percen t  a r e  
shown i n  F igu re  4.7. As a  wt~o le ,  general  agreement was observed between the  
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c a l c u l a t e d  p a r t i c l e  concen t ra t i on  and t h a t  which was observed by t he  sampler. 
Plote, as t h e  volunie l oad ing  was increased f rom 3 percent ,  t h e  sampler was 
prone t o  c logging.  Based on v i sua l  observa t ions  o f  t l i e  system a t  h i ghe r  
i 
volume load ings ,  no evidence was observed t o  i n d i c a t e  a  d e v i a t i o n  f rom t h e  ! 
p rev ious 1  i n e a r  l oad ing  behavior.  
l J i  t h  t h e  complet ion o f  t he  zero p a r t i c l e  l o a d i n g  data, and t h e  sus- 
i 
pension c h a r a c t e r i s t i c s ,  t he  f l u i d  i n v e s t i g a t i o n  was d i r e c t e d  toward t h e  : i 
c h a r a c t e r i s t i c s  of  t he  t u r b u l e n t  f l u i d  s t r u c t u r e  f o r  non -d i l  u t e  p a r t i c l e  
volume loadings.  F l u i d  nieasurernents were made f o r  volume load ings  o f  1, 2 
and 3 percent .  The rugged con i ca l  probe was p laced a t  t he  c e n t e r l i n e  o f  
I 
I 
t he  p i pe  and f o r  each volun~e load ing ,  t h e  f l u c t u a t i n g  s i g n a l  was recorded. 
Of f -1  i n e  ana l ys i s  p rov ided  t he  s t a t i s t i c a l  q u a n t i t i e s  o f  t he  recorded s i g -  
na l s .  I n i t i a l  r e s u l t s  i n d i c a t e d  1  a rger  mean and rms vo l tages  than p r e v i o u s l y  
observed when $I = 0. A s igna l  i n t e n s i t y  S' , was d e f i n e d  as 
where erms, f? mean are  t he  rms and mean 1  i n e a r i z e d  s i g n a l s  f rom the  aneniometer, . 
r espec t i ve l y .  A comparison o f  t he  s igna l  i n t e n s i t i e s  a t  va r ious  $I i s  shown 
I 
I 
i n  F i gu re  4.8. S' i s  seen t o  inc rease  sha rp l y  f rom $I equal t o  0 t o  $ equal t 1 
2 percent.  I t  then tends t o  l e v e l  o f f  a t  t h e  h i g h e r  volume loadings.  Th i s  
l a r g e  inc rease  i n  t he  i n t e n s i t y  i s  be l i eved  t o  be due t o  p a r t i c l e  i n t e r a c t i o n  
w i t h  the  probe. ,As shown i n  F igu re  4.9. 
The e f f e c t s  o f  p a r t i c l e  c o l l  l s i o n s  and near  niisses w i t h  t he  probe cause . 
l a r g e  d is tu rbances  i n  the  s i g n a l .  The r a t e  o f  occurrence o f  t he  i n t e r a c t i o n s  
was p r o p o r t i o n a l  t o  t he  volume l o a d i n g  and appeared as a  h l g h e r  rms vo l tage .  
Th is  was observed u n t i l  t he  p o i n t  was reached where t he  i n t e r a c t i o n s  were so 
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numerous t h a t  t h e  p robe ' s  o u t p u t  was s a t u r a t e d  by them. (As i n d i c a t e d  f o r  
4 = 3 percen t . )  The a u t o c o r r e l a t i o n  f unc t i ons ,  shown i n  F i gu re  4.10, 
i n d i c a t e  a  r a p i d  l o s s  o f  c o r r e l a t i o n  f o r  4 equal 1, 2 and 3 percent .  
Siriiul taneous v i s u a l  observa t ions  o f  t h e  anenlometer s i g n a l  and t h e  proxirni  t y  
o f  t h e  p a r t i c l e s  t o  t h e  sensor showed s t r o n g  c o r r e l a t i o n .  It i s  n o t  c l e a r  
t h a t  t h e  s i g n a l  can be i r ~ t e r p r e t e d  as a  t r u e  tneasure o f  the  f l u i d ' s  t u rbu -  
l e n t  v e l o c i t y .  Therefore,  c a u t i o n  niust be exe rc i sed  i n  u t i l  i z i n g  t l i e  
anemometer r e s u l t s  f o r  t h e  f l u i d  turbu lence.  It i s  suggested t h a t  o n l y  a f t e r  
d i r e c t  comparison w i t h  n e u t r a l l y  buoyant p a r t i c l e  da ta  should  t h e  ar~enlometer 
r e s u l t s  be accepted as t r u e  measurements o f  t h e  f l u i d  turbu lence.  As d i s -  
cussed below, t h i s  was n o t  acco~np l i shed  i n  these  s tud ies .  
Wi th  t h e  u n c e r t a i n t y  o f  measuring t h e  E u l e r i a n  c h a r a c t e r i s t i c s  o f  t h e  
f l u i d  f o r  non-di  1 u t e  suspensions, t h e  exper imenta l  i n v e s t i g a t i o n  t u rned  t o  
e s t i m a t i n g  t h e  f l  h i d ' s  Lagrangian c h a r a c t e r i s t i c s  f rom t h e  e a r l  i e r  work o f  
Howard. A  coniparison was made between t h e  tagged p a r t i c l e ' s  a x i a l  i n t e g r a l  
t in ie  s c a l e  and t h a t  o f  t h e  f l u i d ' s  convec t i ve  i n t e g r a l  t i n ie  s c a l e  a t  va r i ous  
p a r t i c l e  f r ee  f a l l  v e l o c i t i e s .  As shown i n  F i gu re  4.11, good agreement was 
found between t h e  exper imenta l  s c a l e  r a t i o  q, /,& and t he  t h e o r e t i c a l  
p r e d i c t i o n s .  Th i s  i n d i c a t e d  t h a t  f o r  ve ry  snial l  f r e e  f a l l  v e l o c i t y ,  t h e  
p a r t i c l e ' s  s c a l e  measurements approached t h a t  o f  t h e  f l u i d ' s .  Thus, if one 
was c o n s i s t e n t  w i t h  t h e  t h e o r y ' s  assumptions o f  ve r y  smal l  p a r t i c l e s ,  a  
tagged n e u t r a l l y  buoyant p a r t i c l e  c o u l d  be used as a Lagrar ig ian "probe" t o  
es t ima te  t h e  f l u i d ' s  be l lav ior .  Wi th  t h i s  i n  mind, exper i~ i ien ts  were conducted 
i n  which a  tagged p a r t i c l e ' s  t r a j e c t o r i e s '  were recorded a t  va r i ous  vo l  L~ne 
load ings .  
Several  3mni p a r t i c l e s  were cons t ruc ted  by niol d i  ng expandable po l ys t y rene  
p l a s t i c  i n  which a  r a d i o a c t i v e  Co-60 source was placed. For a  d e t a i l e d  
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py,/ f y z  
w i t h  Theo re t i ca l  P red i c t i ons  
d e s c r i p t i o n ,  c o n s u l t  tloward's t h e s i s .  Un fo r t una te l y ,  t h e  p a r t i c l e  was n o t  
ab le  t o  w i t hs tand  t h e  h i g h l y  a g i t a t e d  environment imposed by t h e  j e t  pump. 
Most o f  t h e  p a r t i c l e s  showed damage a f t e r  severa l  passes through t h e  loop,  
and i n  one case a  p a r t i c l e  was destroyed. Several  techniques were advanced 
toward making t h e  p a r t i c l e ' s  o u t e r  su r f ace  harder .  T h i s  i nc l udes  a p p l y i n g  
va r ious  epoxy r e s i n s ,  p a i n t s  and even encapsu la t ion  o f  t h e  p a r t i c l e  w i t h i n  
an epoxy macrosphere. Th is  r e s u l t e d  i n  s t r onge r  p a r t i c l e s ,  b u t  s t i l l  an 
u n s a t i s f a c t o r y  performance. As a  r e s u l t ,  a  l a r g e r  h i m  p a r t i c l e  made o f  
po lyp ropy lene  was used t o  c o n s t r u c t  a  low f r e e - f a l l  v e l o c i t y  p a r t i c l e .  The 
p a r t i c l e ' s  c o n s t r u c t i o n  was s i m i l a r  t o  t h e  techn ique  descr ibed  i n  Chapter 3. 
Th is  p a r t i c l e  ex l i i  b i  t e d  exce l  1  e n t  s t a b i l  i ty  o f  i t s  phys i ca l  p r o p e r t i e s  over  
many hours o f  o p e r a t i o n  i n  t h e  loop.  The f r e e  f a l l  v e l o c i t y  i n  qu iescen t  
wa te r  was 2.05 cm/sec., w i t h  a  Reynold 's number o f  94.2. 
Exper iments were performed us i ng  t h e  p a r t i c l e  da ta  a c q u i s i t i o n  system 
shown i n  F i gu re  3.6. I n P t i a l l y ,  exper iments were r u n  w i t h  o n l y  t h e  tagged 
po lyp ropy lene  p a r t i c l e  i n  t he  loop.  Th i s  was t o  p rov i de  da ta  f o r  a  d i r e c t  
comparison w i t h  t h e  f l u i d  s t r u c t u r e  r e p o r t e d  by Howard. The exper imenta l  
i n v e s t i g a t i o n  moved on t o  l o a d i n g  t h e  syster~ i  w i t h  1  and 2 percen t  volume 
f r a c t i o n  o f  t h e  I-~eavy (p  = 1.18) p a r t i c l e s .  Cur ing t h e  da ta  r eco rd i ng ,  an 
o s c i l l o s c o p e  was used t o  d i s p l a y  t h e  f o u r  d i f f e r e n t  vo l tages  frorli t h e  
d i f f e r e n t i a l  a m p l i f i e r s .  From t h e  r e l a t i v e  l e v e l  o f  t h e  s i g n a l s  o f  t h e  X-Y 
plane, and t h a t  f o r  t h e  c a r r i a g e  v e l o c i t y ,  i t  was observed f o r  most o f  t h e  
220 runs recorded t h a t  t h e  tagged p a r t i c l e  was l o c a t e d  near  t h e  w a l l  o f  t he  . 
p ipe.  Upon c l o s e  v i s u a l  obsc rva t ion ,  i t  was found t h a t  t h e  s lower  nioving 
tagged p a r t i c l e  underwent a  cons tan t  bombardment f rom t h e  bu l  k p a r t i c l e s .  
The tagged p a r t i c l e  e v e n t u a l l y  m ig ra ted  t o  t h e  w a l l ,  where i t  exper ienced 
l e s s  c o l l i s i o n s  and a  r e l a t i v e l y  lower  f l u i d  v e l o c i t y .  Occas iona l l y ,  t h e  
p a r t i c l e  was swept away front t h e  w a l l  region, b u t  r e tu rned  r a p i d l y  t o  it. 
Th is  behav io r  r e s u l t e d  i n  an i n s u f f i c i e n t  amount o f  da ta  f o r  t h e  p a r t i c l e  
i n  t h e  co re  reg ion  t o  p rov ide  adequate ana l ys i s .  
I n  l i g h t  o f  t h e  r e s u l t s  descr ibed  above, unsuccessful  a t tempts were 
made t o  d e f i n e  t h e  f l u i d ' s  s t r u c t u r e  i n  t h e  presence o f  t h e  p a r t i c l e s .  Thus, 
w i t h o u t  in-house measurements, t h e  i n v e s t i g a t i o n  tu rned  t o  examining t he  
t h e o r e t i c a l  and exper i i r ler~ta l  i n f o r m a t i o n  repo r ted  i n  t h e  1  i t e r a t u r e .  
I-linze (1  972) i n d i c a t e d  severa l  e f f e c t s  t h a t  d i s c r e t e  p a r t i c l  e ' s  sus- 
pension have on t h e  f l u i d  t u r b u l e r ~ t  s t r u c t u r e .  Th is  i nc l uded  an: e f f e c t  due 
t o  t he  wakes o f  t h e  p a r t i c l e  n ~ o v i r ~ g  w i t h  respec t  t o  t h e  f l u i d ,  thus mod i f y i ng  
t he  energy-spectra o f  t he  f l u i d  i n  t he  vrave number range corresponding t o  t he  
p a r t i c l e ' s  dimension and e f f e c t s  due t o  the  decreased volume o f  t h e  f l u i d  w i t h  
t h e  presence o f  p a r t i c l e s ,  on t he  t u r b u l e n t  i n t e n s i t y ,  i n t e g r a l  sca les  and 
v iscous d i s s i p a t i o n  o f  t h e  f l u i d .  Hinze showed t h a t  p a r t i c l e s  m o d i f i e d  t h e  
f l u i d  spec t ra  a t  t he  r e l a t i v e l y  h igher  wave numbers. Th is  i n ~ p l  ied,  accord ing 
t o  Hinze, a  h i g h e r  ene rgy -d i ss i pa t i on  r a t e  w i t h i n  t he  f l u i d .  T h i s  was sup- 
po r t ed  by Owen (19G9) i n  which he demonstrated a d i r e c t  p r o p o r t i o r ~ a l f t y  
between energy d i s s i p a t i o n  and t he  p a r t i c l e  volume load ing .  Experimental  work 
by Ihda and t i an ra t t y  (1960) supported Owen's work by r e p o r t i  ng a  1  i n e a r  
r e l a t i o n s h i p  between energy d i s s i p a t i o n  and p a r t i c l e  vo l  ume 1  oadi  ng. 
The o t h e r  t u r b u l e n t  c h a r a c t e r i s t i c s  o f  i r ~ t e r e s t ,  t he  i n t e n s i t y  o f  i n t e -  
g r a l  sca le ,  and eddy -d i f f us i on  c o e f f i c i e n t s  d o n ' t  en joy  t he  same suppor t  
between t heo ry  and exper i l l en t .  t i ino (1963) sliowed f o r  n e u t r a l l y  buoyant 
p a r t i c l e s  t h a t  t he  i n t e n s i t y  o f  t h e  f l u i d  increased w i t h  t he  presence o f  
p a r t i c l  es. Th is  seenicd t o  agree s a t i s f a c t o r i l y  w i t h  exper imental  r e s u l  t s  , 
as repor ted by Hino, f o r  E la ta  and Ippen (1961). E la ta  and Ippen's  data was 
f o r  h igher  load ing  o f  approx i~nate ly  15% and 25%, showing changes o f  10-15 
percent i n  the i n t e n s i t y .  t l ino a l so  p red i c ted  f o r  heavy p a r t i c l e s  a  con- 
t inued decrease i n  the  i n t e n s i t y  as volume load ing  increased. Owen on the  
o ther  hand, showed a  decrease i n  the  f l u i d  i n t e n s i t y  f o r  a l l  p a r t i c l e  den- 
s i  t i e s .  The o n l y  a v a i l  ab le experimental i n t e n s i t y  observat ions o f  heavy 
p a r t i c l e s  was by Kada (1960). He showed a  general increase i n  the  i n t e n s i t y  
as volulne load ing  increased. t l ino a l so  repor ted t h a t  the  i n t e g r a l  scales 
decreased, f o r  a l l  cases o f  p a r t i c l e  densi ty ,  as the  volume load ing  increased. 
1.40 experimental evidence was found t o  support h i s  p red i c t i on .  Owen and Hino 
agree qua1 i t a t i v e l y  t h a t  a  decrease o f  the  eddy-d i f fus ion  c o e f f i c i e n t  shoul d  
occur f o r  increased p a r t i c l e  loading. But  Kada and Hanrat ty  showed a  l a r g e  
increase i n  the  eddy d i f f u s i o n  fo r  p a r t i c l e s  o f  h igh  f r e e - f a l l  v e l o c i t y  w i t h  
respect  t o  the f l u i d ,  and small e f f e c t s  fo r  low r e l a t i v e  f r e e - f a l l  v e l o c i t y  
p a r t i c l e s .  
As one can see, the  experimental evidence and the  theo r ies  themselves 
are n o t  i n  general agreement w i t h  each other .  
This  i s  due i n  p a r t  t o  the  d i f f e r e n t  systenis under considerat ion.  Kada 
and t i an ra t t y ' s  experiment was conducted i n  an upwardly f l ow ing  v e r t i c a l  pipe, 
Owen's p r e d i c t i o n s  were based on a  ho r i zon ta l  pipe, and tlino, an open channel 
flow. A general conclus ion cannot be drawn, a t  t h i s  po in t ,  as t o  the  turbu- 
l e n t  c h a r a c t e r i s t i c s  o f  t he  f l u i d  i n  the  present system. Fu r the r  d iscussion 
w i l l  be presented i n  the nex t  sect ion,  as t o  estimates o f  t he  f l u i d  turbu-  
l e n t  p rope r t i es .  
4.2 P a r t i c l e  t4easurements arid Comparison w i  tli Theory 
Two s e r i e s  o f  experiments were conducted t o  i n v e s t i g a t e  t h e  behav io r  
o f  p a r t i c l e s  i n  a  non -d i l u te  t u r b u l e n t  suspension. The f i r s t  s e t  o f  expe r i -  
ments (HTAG s e r i e s )  cons is ted  o f  sphe r i ca l  p a r t i c l e s ,  o f  u n i  forni s i z e  
(0.476 cm d iameter)  w i t h  a  s p e c i f i c  g r a v i t y  o f  1.16. The second s e r i e s  
cons i s ted  o f  s i m i l a r  s i z e  p a r t i c l e s  w i t h  a  s p e c i f i c  g r a v i t y  o f  1.05. The 
d e n s i t y  d i  f f e ronces  were p rov ided  t o  i n v e s t i g a t e  t h e  f r ee - f a1  1  e f f e c t s  a t  
va r ious  p a r t i c l e  vo l  ume loadings.  The phys i ca l  p r o p e r t i e s  o f  t h e  p a r t i c l e s  
a r e  shown i n  Table 3.1. As was t h e  case f o r  bo th  experiments, t h e  p a r t i c l e  
volume load ing ,  @, ranged f rom s i n g l e  p a r t i c l e  c i r c u l a t i o n  ( i  .e., Q =0) t o  
a  b u l k  p a r t i c l e  volume l o a d i n g  o f  10 percent .  The volume load ings  i n v e s t i -  
gated f o r  each s e r i e s  a re  shown i n  Tab1 e  4.1. 
The mean and rms p o s i t i o n s  o f  t h e  tagged p a r t i c l e ,  a t  va r ious  volunie 
loadings,  i s  shown i n  Table 4.1. As one can see, t h e  HTAG s e r i e s  p a r t i c l e  
was g e n e r a l l y  found a t  a  r a d i a l  p o s i t i o n  o f  app rox i l ~ i a te l y  3.0 cm, where as 
t h e  LTAG s e r i e s  p a r t i c l e  was found a t  a  somewhat l a r g e r  r a d i a l  p o s i t i o n .  
The mean a x i a l  p o s i t i o n  f o r  a  g iven  r u n  was s t r o n g l y  dependent upon t h e  
ad jus tab le  feedback characteristics o f  t h e  c a r r i a g e  t r a c k i n g  c i r c u i t s .  It 
was found t h a t  t h e  ca r r i age  e x h i b i t e d  i t s  b e s t  t r a c k i  tig perfornlance when 
t h e  p a r t i c l e ' s  p o s i t i o n  was i n  t h e  upper h a l f  o f  t h e  c a l i b r a t e d  reg ion  
( r e f e r  t o  F igu re  3.8). Th is  i s  ev i den t  f rom t h e  number o f  runs r e s u l t i n g  
f rom t h e  a n a l y s i s  o f  t h e  LTAG ser ies .  Fewer runs were r e j e c t e d  because of  
t h e  c a r r i a g e s  i r ~ a b i l  t y  t o  l o c k  ot i to t he  p a r t i c l e ' s  t r a j e c t o r y .  T l l i s  was 
accompl i shed  by i n c r e a s i n g  t he  feedback t r a c k i n g  s e n s i t i v i t y .  The rms 
p o s i t i o n s  a r e  t he  standard d e v i a t i o n  about the  mean p o s i t i o n .  Genera l l y ,  
t h e  r e s u l t s  a r e  as expected f o r  t h e  phys i ca l  system i n  which t h e  p a r t i c l e ' s  
p o s i t i o n  i s  cons t ra ined  t o  r e s i d e  w i t h i n  t h e  c a l i b r a t e d  reg ion.  
Table 4.1 Mean and rms P o s i t i o n s  
Vol ume Number Mean P o s i t i o n  rms P o s i t i o n  
- - - 
Loading o f  Runs r 8 'wrc r ' 8' Z '  
Ser ies  HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG 
O 16 2 1  3.158 3.668 3.07 3.50 3.115 -2.245 0.789 0.708 0.988 1.308 0.532 0.695 
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F igu re  4.14 Comparison o f  Experimental  Turbul  e n t  
Drag C o e f f i c i e n t s  w i t h  Theo re t i ca l  
P r e d i c t i o n s  
were observed f o r  @ equal t o  1/2, 1, 2  and 3 percent ,  b u t  n o t  t o  a  l a r g e  
degree. Th i s  may e x p l a i n  t h e  sma l l e r  r e l a t i v e  p a r t i c l e  v e l o c i t i e s  i n  t h e  
p resen t  study, as compared t o  Kaye and Boardman's da ta  f o r  @ l e s s  than 3 
I 
; percent .  
I t iappel and [Srenner l e n t  t h e o r e t i c a l  suppor t  t o  t h e  development o f  
Equat ion 4.8 f o r  t h e  case o f  c l u s t e r  fo rmat ion ,  b u t  i t  i s  i m p e r a t i v e  t o  
i p o i n t  o u t  t h a t  Equat ion 4.8 i s  n o t  based on any r i g o r o u s  t h e o r e t i c a l  
development and c a u t i o n  should  be exe rc i sed  i n  app l y i ng  i t  o u t s i d e  t h i s  case. 
I 
I F i gu re  4.14 shows t he  t u r b u l e n t  d rag  c o e f f i c i e n t ,  C f o r  bo th  se r i es .  
OT 
I Th i s  was based on the  p a r t i c l e  Reynold 's number, Re de f i ned  as:  
I P ' 
As one can see good agreement e x i s t  w i t h  Ingebo 's  (1956) t u r b u l e n t  drag 
c o e f f i c i e n t .  The emp i r i ca l  d rag  curve  o f  Zahm (1926) f o r  spheres i n  a  
i qu iescen t  f l u i d  i s  shown t o  p o i n t  o u t  t he  d i f f e r e n c e s  i n  t h e  drag f o r  
p a r t i c l e  i n  t u r b u l e n t  f l u i d s .  
t 
I The e f f e c t s  o f  p a r t i c l e  volume l o a d i n g  becones ev i den t  i n  l i g h t  o f  t h e  
' a n d v '  p a r t i c l e ' s  rnls v e l o c i t i e s ,  v;,~, Vp ,U  R e f e r r i n g  t o  F i g u r e  4.15, p,z' 
I 
t h e  rrns v e l o c i t i e s  f o r  Q, equal ze ro  a r e  approx imate ly  equal ,  b u t  as @ i s  
1 
I increased, t h e  rms l e v e l s  r a p i d l y  inc rease  i n i t i a l l y ,  b u t  as @ i s  f u r t h e r  
inc reased  ( @  - > 2%) t h e  rnls ' v e l o c i t i e s  tend  t o  l e v e l  ou t ;  then  s l o w l y  begin  
t o  drop o f f  f o r  h i g h e r  load ings  ((I = 10%). I t  i s  i n t e r e s t i n g  t o  no te  
severa l  p o i n t s .  The l a t e r a l  rrns v e l o c i t i e s ,  V ' and V ' , as demonstrated P  9 r P, 0 
i n  bo th  experimental se r i es ,  a re  i n  c l o s e .  agreement. T h i s  suggests t h a t  
t he  p a r t i c l e s  a r e  exper ienc ing  l a t e r a l  i s o t r o p i c  f l u i d  behav ior .  The a x i a l  
( o r  l o n g i t u d i n a l )  rrns v e l o c i t y ,  V ' , appears t o  be s l i g t ~ t l y  l i i g l l e r ,  b u t  
I),Z 
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Table 4 . 3  Variance, Skewness and Kurtosis of HTAG and LTAG Series 
VARIANCE SKEWNESS KURTOSIS 
RADIAL AZIMUTHAL AXIAL Loading RADIAL AZIMUTHAL AXIAL RADIAL AZIMUTHAL AXIAL 
Series HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG HTAG LTAG 
0.0 1.25 1.13 1.19 1.32 1.63 1.97 -0.168 -0.153 -0.082 0.082 -0.132 -0.047 2.91 3.12 2.75 3.04 2.96 2.97 
0.5 4.54 1.94 4.88 1.86 12.23 4.59 -0.013 -0.158 0.036 -0.107 -0.025 0.081 3.28 4.20 3.08 3.22 2.95 2.70 
1.0 6.71 1.67 7.76 2.04 11.45 4.28 -0.147 -0:207 -0.149 -0.046 -0.171 -0.088 2.89 3.25 2.75 3.21 2.91 2.93 
2.0 8.06 2.09 10.61 2.29 15.11 6.11 -0.03 -0.173 0.130 -0.010 0.076 0.190 2.81 3.19 3.07 3.09 2.75 3.12 
3.0 8.78 9.44 15.23 -0.066 -0.133 -0.018 2.97 3.04 . 2.96 
4.0 9.44 1.87 10.40 2.25 15.80 6.11 -0.076 -0.165 -0.075 -0.111 -0.055 -0.065 2.99 3.41 2.83 3.13 2.68 2.94 
5.0 7.31 1.84 8.75 2.02 16.01 7.73 0.01 -0.062 -0.152 0.059 -0.326 -0.065 3.16 3.39 3.66 3.17 3.16 2.99 
6.0 1.56 1.79 4.76 0.031 0.021 0.017 3.17 2.92 2.87 
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become broader  as t h e  volunie l o a d i n g  i s  increased.  A lso t h e  l a t e r a l  and 
l o n g i t u d i n a l  p .d . f . ' s  a r e  r e s p e c t i v e l y  ve ry  s i m i l a r  a t  I$ =0, b u t  as the  
l o a d i n g  inc reases  t h e  HTAG p.d. f .  ' s  t end  t o  be more d i f f u s e ,  i n d i c a t i n g  a  
l a r g e r  HTAG var iance.  Th is  obse rva t i on  i s  i n  agreement w i t h  t h e  t r e n d  o f  
t h e  p rev i ous  rms v e l o c i t y  data.  
A  p r e l i m i n a r y  l o o k  a t  t h e  v e l o c i t y  a u t o c o r r e l a t i o n s  f o r  t h e  tlTAG and 
LTAG se r i es ,  s l~owr~  i n  F igures  4.20 and 4.21 g e n e r a l l y  show the  expected 
form. I t  was found t h a t  t he  a u t o c o r r e l a t i o n s  f o r  t h e  LTAG 0.5, LTAG 10, 
tITAG 10, and IiTAG 0.5 exper in~en ts  showed an ex te rna l  n o i s e  problem. An 
i n v e s t i g a t i o n  i n t o  t h e  source of t h e  no ise,  i n d i c a t e d  t h a t  a  f a u l t y  coax ia l  
! 
cab le  coming f rom the  tape reco rde r  t o  t h e  d i g i t i z e r  may have p rov i ded  a  
low l e v e l  6 0  Hz s i g n a l .  E f f o r t s  t o  remove t l i e  no i se  proved t o  be success- 
f u l  i n  a l l  b u t  t h e  r a d i a l  a u t o c o r r e l a t i o n  o f  t h e  LTAG 0.5 experiment. 
I n  genera l ,  t h e  r a d i a l  and az imutha l  a u t o c o r r e l a t i o n  f o r  each exper iment I I 
a r e  i n  good agreement w i t h  each o the r .  Th i s  once aga in  suppor ts  t he  i s o t r o p i c  
J 
l a t e r a l  behav io r  observed e a r l i e r .  The for r~ i  o f  t h e  c o r r e l a t i o n s  areas one j 
expect  f o r  l a t e r a l  p i p e  tu rbu lonce .  R e f e r r i n g  t o  F i gu re  4.22 t o  4.25, a  con- I 
p a r i s o n  was made o f  t h e  l a t e r a l  a u t o c o r r e l a t i o n s  a t  t h e  va r i ous  volume load ings .  
No t i ce  the  s l i g h t l y  l owe r  l a t e r a l  c o r r e l a t i o n s  f o r  t h e  I$ = 0  percen t  case. I 
I 
As the  volume l o a d i n g  i s  inc reased  t h e  l a t e r a l  c o r r e l a t i o n s  c o l l a p s e  t o  a  
conlmon curve  showing 1  i t t l e  d i f f e r e n c e  between them. Th is  i s  a l s o  i n d i c a t e d  
by t h e  l a t e r a l  t ime  macroscale shown i n  Table  4.4. I t ' s  o f  i n t e r e s t  t o  no te  
t l i e  LTAG s e r i e s  p a r t i c l e s  a r e  c o r r e l a t e d  f o r  l o n g e r  t imes  than t h e  I.iTAG 
se r i es .  The n~acrosca les  stlow a  f a c t o r  o f  a p p r o x i s ~ a t e l y  equal t o  2 between 
t h e  LTAG and IiTAG se r i es .  Th is  i s  as expected, f o r  i t  can be shown from 
Equat ions 2.90 and 2.34 t h a t :  
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l lhere , i s d e f i n e d  as (up:, + Y p, 
9 - 
l 2  ) ' I 2  . Since fi - 1.0, as shown i n  
Table 4.5 .For t h e  dyrialr~ic c h a r a c t e r i s t i c s  o f  t h e  p a r t i c l e ,  i t  can be shown 
/ v 1 2  - 1.0 and f o r  a  g i ven  4 and phys i ca l  system Af,z i s  i n v a r i -  that "f,r P,r 
h 
ant .  A l so  one w i l l  no te  t h a t  V ,!, 3 ,  << Ub,z, thus  V b  ,Z - 
- Uf ,z. Hence we see 
t h a t  up,,($) fp,r($) equals a  cons tan t  f o r  a  g iven  v o l u ~ i ~ e  l oad ing .  There- 
f o r e  we see as decreases by a  f a c t o r  o f  2, which i s  approx i rnate ly  t r u e  
f , Z  
between LTAG and HTAG exper iments,  P,r(g)  i s  expected t o  i nc rease  by 
an equal amount. 
The a x i a l  a u t o c o r r e l a t i o n s ,  shown i n  F igures  4.20 and 4.21, tend  t o  
show t h e  expectetl  forni, b u t  upon c l o s e  examinat ion one w i l l  n o t i c e  a  low 
frequency s i nuso ida l  o s c i l l a t i o n .  The o s c i l l a t i o n  i s  more apparent  i n  a1 1  
t h e  LTAG s e r i e s  and t h e  HTAG 0.5 exper iments.  Th i s  i s  shown c l e a r l y  i n  
F i gu re  4.26 and 4.27. An i n t e n s e  i n v e s t i g a t i o n  i n t o  t h e  cause o f  t h e  o s c i l -  
l a t i o n s  showed t h a t  t h e  problem l a y  w i t h i n  t h e  c a r r i a g e  v e l o c i m e t e r ' s  
analog s i g n a l  c o n d i t i o n i n g .  As one w i l l  no te  i n  F i g u r e  3.6, t h e  analog ou t -  
p u t  from the  ca r r i ages  v e l o c i m e t e r ' s  f requency t o  vo l t age  (F/V) conve r t e r  
was f i l t e r e d  ( c u t o f f  o f  -36 db loc tave  a t  10Hz). Th i s  was done t o  remove 
some h igh  f requency r i p p l e  produced by t h e  F/V conver to r .  I t  was found 
t h a t  t h e  f i l t e r  caused a p l~ase  s h i f t  i n  t h e  i n p u t  s i g n a l .  The r e s u l t  o f  
which caused a smal l  apparent  v e l o c i t y  t o  be formed d u r i n g  t he  a x i a l  p a r t i c l e  
v e l o c i t y  de te rmina t ion .  The problem became e s p e c i a l l y  apparent  when t h e  
c a r r i a g e  was cl ianging v c l o c i  t y .  Froni t h e  exper imenta l  l ogs  compi 1  ed d u r i n g  
t he  exper iments,  i t  was found t h a t  t h e  s e n s i t i v i t y  o f  t h e  c a r r i a g e  t r a c k i n g  
Experiment 
119 
Table 4.5 Dynamic P r o p e r t i e s  o f  
LTAG, HTAG P a r t i c l e s  
1 
LTAG 0 5.70 5.87 .872 .968 312.3 . I70 
HTAG 0 13.21 13.27 .351 .893 723.2 . I14 
1 / 2  14.13 14.56 .274 .893 773.6 .099 
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aliep~r3 a113 6u~hrq Aq a3eJ uok33arad unJ JallPus e apkho~d 03 auop SPM s~ill 
2  How f o r  an i s o t r o p i c  f l u i d  U;?,/U; = 1, f rom exper imenta l  r e s u l t s  we see 
, 2 
12 
. Thus we f i n d  t h a t  f p,z(@) 2 f (@).  AS shown i n  F i gu re  
"P,Z - ' ~ , r  p,r 
4.20, t h e  a c t u a l  3 p,z/ fP,r i s  i n  genera l  l a r g e r  than  p red i c t ed ,  b u t  one 
must t a k e  i n t o  account t he  a x i a l  n o i s e ' s  p o s s i b l e  e f f e c t  i n  de te rmin ing  t he  
rms a x i a l  v e l o c i t y  and a x i a l  macroscal e. 
2  I t  i s  apparent  f rom U; /"i2, that- i f  t h e  p a r t i c l e  va r i ance  i s  known, 
then t h e  f l u i d  va r iance  may be c a l c u l a t e d .  Us ing Howard's (1  974) experimental. 
data,  Meek (1978) has p rov ided  evidence t o  suppor t  t h i s  c a l c u l a t i o n .  The 
p a r t i c l e s  Howard used i n  h i s  exper iments had a  6 v e r y  c l o s e  t o  u n i t y ,  hence 
t h e  f l u i d - p a r t i c l e  va r iance  r a t i o ,  u;~/vE~, was equal t o  1. Meek determined 
i n t e n s i t i e s  f o r  t h e  1  a t e r a l  p a r t i c l e  v e l o c i t y  as 
where uf was t h e  cen te r1  i n e  mean f l u i d  v e l o c i t y ,  and Ub, t h e  average l a t e r a l  
rms v e l o c i t y ,  de f i ned  as: 
I t  was assumed t h a t  t h e  i n t e n s i t y  measurement was made a t  t h e  mean r a d i a l  
p o s i t i o n  o f  t he  p a r t i c l e .  F i gu re  4.29 shows a comparison between t h e  measured 
f l u i d  i n t e n s i t y  and the  l a t e r a l  p a r t i c l e  i n t e n s i t i e s .  As one car1 see, 
e x c e l l e n t  agreement e x i s t s  between t h e  f l u i d  and p a r t i c l e  i n t e n s i t i e s .  
For  t h e  p resen t  exper iments t h e  l a t e r a l  p a r t i c l e  va r iances  were used t o  
c a l c u l a t e  a  p a r t i c l e  i n t e n s i t y  as: 
Figure 4.28 Pa r t i c l e  Time Integral  Scale Ratio, 3 p , , ( ~ ) /  3 p y r ,  f o r  Various Volune 
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shown i n  Table 4.6, a u t o c o r r e l a t i o n  f u n c t i o n s  were generated u s i n g  t he  
Newton's law reg ion  model descr ibed  i n  Chapter 2. The r e s u l t a n t  comparison i 
1 
i s  shown i n  F igures  4.34. 
I n  general  one can see t h a t  t h e  l a t e r a l  p r e d i c t i o n  shows reasonable 
agreement w i t h  exper iment.  Based on t h e  model 's assumption o f  an exponent ia l  
Layrangian f l  u i d  a u t o c o r r e l a t i o n ,  poor  agreement e x i s t s  f o r  smal l  1  agtinie I-. 
Th is  c h a r a c t e r i s t i c  i s  i n h e r e n t  i n  t h e  model. 1 
I t  i s  d i f f i c u l t  t o  assess t l i e  performance o f  t h e  l o n g i t u d i n a l  p r e d i c t i o n s ;  1 
due t o  t h e  apparent  no i se  assoc ia ted  w i t h  t h e  a x i a l  v e l o c i t y  data. I 
The a p p l i c a t i o n  o f  t he  theory,  developed i n  Chapter 2, was i n  i t s  
a b i l i t y  t o  p r e d i c t  t h e  d i spe rs i on  o f  t h e  p a r t i c l e s  a t  va r i ous  volume loadings.  
- 
Thus a  con~par ison was made o f  t h e  p a r t i c l e s  d i s p e r s i o n  x p Z ( t ) ,  as c a l c u l a t e d  1 
f rom experiniental  data,  and t h a t  p r e d i c t e d  by  Equat ions 2.93 and 2.94. The 
exper imenta l  p a r t i c l e  d i spe rs i on  was ca l cu la ted ,  as was t h e  theory ,  us i ng  
from t h e  p a r t i c l e s  a u t o c o r r e l a t i o n  i n  t h e  f o l l o w i n g  manner: 
i, 
i 
(4.21 ) I  
I 
Th is  was f i r s t  sl.~own byKamp6 de F e r i e t  (1939) f o r  e a r l i e r  work by Tay lo r  
i 
(1  921 ) . ! 
A comparison i s  shown i n  F igures  4.35 t o  4.38 f o r  severa l  volume 1 
l oad ings  o f  bo th  t h e  LTAG and t l i e  HTAG se r i es .  I n  general  good agreement 1 
i s  seen f o r  b o t h  exper imer~ ta l  se r i es .  It should be noted t h a t  t h e  d i spe rs i on  I 
J 
i s  d i r e c t l y  r e l a t e d  t o  t h e  a u t o c o r r e l a t i o n  f u n c t i o n s  used by t h e  t heo ry  and 
- 
2 obta ined  i n  t h e  experiment, i n  t h a t  Xp ( t )  i s  an i n t e g r a l  q u a n t i t y  o f  t h e  I 1 
a u t o c o r r e l a t i o n  as denlonstrated by: 
Table 4.6 I n p u t  Parameter i n  Theory 
Experiment u;/u, f ($1 Tf z ( $ )  
LTAG $ .0427 5.70 .225 
112 .0531 6.77 ,170 
1 .0525 6.00 .364 
2 .0573 5.72 .310 
4 ,0557 5.12 .339 
5 .0543 3.73 .440 
6 .0505 4.68 .219 
10 .0475 3.03 .219 
HTAG 0 .0437 13.21 ,261 
112 .0867 14.13 .267 
1 . I065 14.76 .309 
2 . I206 13.67 .231 
3 . I194 14.28 .268 
4 .I261 12.31 .315 
5 . I117 12.04 .391 
10 .0940 11.12 .487 
TIME, SEC. 
LTAG AUTOCORRELATION 112 PERCENT 
T IME,  SEC. 
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Figure 4.38 Comparison o f  Experimental Dispersion 
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large t 
I t  i s  i n t e r e s t i n g  t o  no te  t he  o v e r a l l  e f f e c t s  o f  t h e  volume l o a d i n g  on 
p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t ,  E, 
which i s  shown i n  F i gu re  4.39 f o r  t h e  l a t e r a l  and l o n g i t u d i n a l  d i r e c t i o n s .  
For t h e  l a t e r a l  d i r e c t i o n  t h e r e  i s  an i n i t i a l  i n c rease  i n  c f o r  smal l  41 .  
As t h e  vo l  urrle l o a d i n g  increases,  c l e v e l s  o f f  where a t  h i g h e r  l oad ings  
($ = l o % ) ,  we see a  s l i g h t  decrease. T h i s  may be due t o  t h e  p a r t i c l e ' s  
mot ion be ing  r e s t r i c t e d  by  t h e  c l o s e  p r o x i m i t y  o f  t h e  o t h e r  p a r t i c l e s .  IJe 
a l s o  no te  t h e  e f f e c t s  o f  t he  p a r t i c l e ' s  f r e e  f a l l  v e l o c i t y ,  showing h i g h e r  
d i f f u s i o n  f o r  tiTAC se r i es .  Th i s  was a l s o  no ted  by Kada and Han ra t t y  (1960) 
where t h e  r e l a t i v e  v e l o c i t y  between t he  f l u i d  and t he  p a r t i c l e  p layed  an 
impo r tan t  r o l e  i n  t he  d i f f u s i o n  c o e f f i c i e n t  o f  t l i e  f l u i d  (which i s  i n d i c a -  
t i v e  o f  p a r t i c l e  behav io r ) .  
The l o n g i t u d i n a l  d i f f u s i o n  c o e f f i c i e n t  shows t h e  r e l a t i v e  e f f ec t  o f  t he  
volume l oad ing .  As expected d i f f u s i o n  i s  g r e a t e r  f o r  t h e  l o n g i t u d i n a l  
d i r e c t i o n  due t o  t h e  t u r b u l e r i t  f l u i d  s t r u c t u r e ,  b u t  c a u t i o n  n u s t  be used i n  
i n t e r p r e t i n g  these r e s u l t s  due t o  t h e  u n c e r t a i n t y  i n  t h e  measured a x i a l  
macroscal e. 
4.3 E r r o r  Ana l ys i s  
Th i s  s e c t i o n  dea ls  w i t h  t he  r e l a t i v e  u n c e r t a i n t y  o f  t he  exper imenta l  
data  presented i n  t he  p rev ious  sec t i on .  Howard (1974) c o n ~ p i l e d  a  ve ry  
thorough a n a l y s i s  o f  e r r o r  t o  be expected f o r  t he  p a r t i c l e  data a c q u i s i t i o n  
and a n a l y s i s  systems. Us ing tiovrard's a n a l y s i s  as a  gu ide,  e r r o r s  were 
Figure  4.39 P a r t i c l e  D i f f u s i o n  C o e f f i c i e n t s  f o r  
LTAG and HTAG Ser ies  
c a l c u l a t e d  f o r  t h e  p resen t  system. For  a d e t a i l e d  d i scuss ion  o f  t h e  tech-  
n iques employed one i s  r e f e r r e d  t o  Howard's t hes i s .  I n  an e f f o r t  t o  con- 
f i r m  t h e  techniques employed by Howard, s t a t i c  e r r o r  exper iments were con- 
ducted, w i t h  a  cor:~parison shown between p r e d i c t e d  e r r o r s  and those  rnaasured 
i n  t h e  l abo ra to r y .  A b r i e f  d i scuss ion  i s  presented as t o  t h e  r e l a t i v e  
e f f o r t s  o f  erisembling o f  a  f i n i t e  number o f  non -s ta t i ona ry  observat ions.  
tlovrard examined t he  data a c r l u i s i t i o n  system, shown i n  F igu re  3.6, t o  
a s c e r t a i n  which coniponents were t h e  major  c o n t r i b u t o r s  o f  e r r o r ,  and t o  
what degree t h a t  e r r o r  was propagated through t h e  data a n a l y s i s .  He po in ted  
o u t  t h a t  t l re s t r onges t  source o f  no i se  came f rom t h e  p h o t o m u l t i p l i e r  tubes. 
Th is  was a t t r i b u t e d  t o  t h e  t ime vary ing,  quan t i zed  decay o f  t h e  Co 60 source 
used i n  t h e  p a r t i c l e .  As a  r e s u l t  o f  t h i s  observa t ion ,  improvements were 
rilade t o  reduce t h e  problem i n  t h e  p resen t  f a c i l i t y .  Th is  c o n s i s t e d  o f  i n c o r -  
p o r a t i n g  a  more i n tense  r a d i o a c t i v e  source w i t h i n  t h e  p a r t i c l e .  Howard 
repo r ted  a  s i g n a l  t o  no i se  r a t i o  o f  26.5 db f o r  a  20 m i l l i c u r i e  source, 
t h e  s i g n a l  t o  no i se  r a t i o  was improved t o  46.5 db by u s i n g  a  50 m i l l i c u r i e  
source i n  t h e  p resen t  system. Table 4.7 ou t1  ines  t h e  ma jo r  coniponents o f  
t h e  data a c q u i s i t i o n  system, t h e i r  r e l a t i v e  c h a r a c t e r i s t i c s  and l i m i t a t i o n s .  
I f  t h e  bas i s  o f  t h e  e r r o r  i n  t h e  p resen t  system i s  r e s t r i c t e d  t o  t h e  
u n c e r t a i n t y  o f  t h e  t i m e  va ry i ng  decay r a t e  o f  t h e  source, t h e  expected e r r o r s  
prc?;:ogated througt l  t h e  data a n a l y s i s  would be sma l l e r  than  those shown by 
tioward. Fo l  l ow ing  Howard's devel  opr~~ent ,  t h e  e r r o r s  were c a l c u l a t e d  f o r  such 
q u a n t i t i e s  as t h e  instat i taneous r e l a t i v e  p o s i t i o n ,  t h e  mean and rrns pos i  tior,, . 
t he  instantaneous v e l o c i t y ,  as w e l l  as t h e  rliean and rnis v e l o c i t y .  
Ee fe r r i ng  t o  Table 4.8, a  comparison i s  made between t h e  expected e r r o r s  
o f  t h e  p resen t  system, and t l iose o f  Iloward. The r e l a t i v e  e r r o r ,  i n  genera l ,  
i s  lower  f o r  t h e  p resen t  study. 
Table 4.7 Data Acquis i t ion System Component Character is t ics  
L inear Frequency 
Device Inpu t  Output S/H Non Linear L im i ta t ions  
Photomul t i  p l  i e r  Y rays Voltage 46 db Linear Dead t ime o f  NaI Crystal  
Tubes l os6  sec , 1 nHz 
Carriage D i g i t a l  Analog 54 db Linear 10 KHz 
Velocimeter Vol tage Voltage 
- > 
9 
Act i  ve Voltage Voltage 84 db Linear - 1 db a t  100 Hz a P 
Lowpass . 
F i  1 te rs  
D i f f e r e n t i a l  Vol tage Voltage 86 db L inear  - 3 db a t  74 Hz 
Amp1 i f i e r  
and F i  1 t e r  
Tape Voltage Voltage 50 db L inear  
Recorder - + 40% o f  
Center 
Freq. 
Analog t o  Analog D i g i t a l  90 cb L inear  1 msec sample r a t e  - l C O O  Hz 
D i g i t a l  Voltage 
Conversion 
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Experirqents were cond~ l c ted  t o  e s t a b l i s h  a  d i r e c t  measure o f  t h e  e r r o r ,  
f o r  cornpal-ison w i t h  t h e  p r e d i c t e d  r e s u l t s .  Th is  was done i n  a  s i m i l a r  nlanner 
i n  which t he  c a l i b r a t i o n  exper i r~ ients  conducted, as descr ibed  i n  Chapter 3. 
With t h e  c a r r i a g e  mounted on a  s t a t i c  t e s t  sec t i on ,  a p a r t i c l e  was p laced  a t  
s e l e c t e d  l o c a t i o n s  w i t h i n  t h e  c a l i b r a t e d  reg ion .  Wi th  t h e  data a c q u i s i t i o n  
o p e r a t i o n a l ,  t he  rnls vo l t age  o f  t h e  T, U, V s i g n a l s  were t a b u l a t e d  as t h e  
p a r t i c l e  was p laced  a t  t h e  se lec ted  r a d i a l  and a x i a l  p o s i t i o n s .  The r e s u l t s ,  
shown i n  F i gu re  4.40, f o r  a  t y p i c a l  case i n d i c a t e s  a  cons tan t  rnls vo l t age  
across t h e  r e g i o n  o f  i n t e r e s t .  Thus one can assume t h a t  t h e  r e l a t i v e  source 
o f  e r r o r  i s  independent o f  p o s i t i o n .  
l J i t h  t h e  p a r t i c l e  l o c a t e d  a t  t h e  o r i g i n  o f  t h e  c a l i b r a t e d  reg ion ,  da ta  . 
was recorded f o r  an i nmob i l e  p a r t i c l e .  T h i r t y  runs, t y p i c a l  i n  l e n g t h  t o  
t he  p a r t i c l e  runs, were recorded and sub jec ted  t o  t h e  same data a n a l y s i s  as 
t h e  p a r t i c l e  data.  
The r e s u l t s ,  sliown i n  Table 4.9, a r e  cornpared w i t h  the p r e d i c t e d  e r r o r .  
Agreement between t h e  p r e d i c t e d  and expe r imen ta l l y  observed e r r o r  da ta  i s  
g e n e r a l l y  good. The excep t ion  i s  t h e  ins tantaneous v e l o c i t y  e r r o r .  S i n ~ i l a r  
r e s u l t s  were found by tloward, i n  which he a t t r i b u t e d  the  source o f  t h e  e r r o r  
t o  be t he  es t ima te  o f  t h e  p a r t i c l e ' s  r e l a t i v e  p o s i t i o n  c o r r e l a t i o n .  
I n  o rde r  t o  es t ima te  t h e  r e l a t i v e  n o i s e  assoc ia ted  w i t h  t h e  au toco r re l a -  
t i o n ,  l e t  us assume t h a t  t h e  nieasured v e l o c i t y  t ime  s e r i e s  o f  t h e  p a r t i c l e  
VS ( t )  con ta i ns  t h e  v e l o c i t y  cor responding t o  t h e  t r u e  v e l o c i t y  ( n o i s e  f r e e )  
p l us  an a d d i t i o n a l  v e l o c i t y ,  V,,(t),  f rom t h e  data a c q u i s i t i o n  systeia, due 










Forming t he  au tocovar ia r~ce  o f  V s ( t ) ,  as done i n  t h e  data a n a l y s i s  programs, 
where t h e  overbar  i n d i c a t e s  a  l o n g  t i n e  average, s u b s t i t u t i n g  f o r  V s ( t )  
and c a r r y i n g  o u t  t h e  i n d i c a t e d  ope ra t i ons  g ives :  
Cov ( Y )  = Vt(=t)Va(t+t) c Vt(tlV,(t+2.)c V' 
Since t h e  no i se  s i g n a l  and t h e  t r u e  p a r t i c l e  v e l o c i t y  a r e  s t a t i s t i c a l l y  
independent, t h e  crosscovar iance ternis woul d vani s  h  y i e l  d i  ng : 
So l v i ng  t h e  above equat ion  f o r  t h e  covar iance  o f  t h e  t r u e  v e l o c i t y  t ime 
s e r i e s  y i e l d s :  
The covar iance o f  t l ie  no ise  shown i n  F igu re  4.41 was p rov ided  by t he  
s t a t i c  e r r o r  experiments. Re fe r r i ng  t o  F igure  4.42 and 4.43, t h e  improve- 
ment t o  t h e  covar iance f u n c t i o n  by app l y i ng  t h i s  technique i s  apparent. 
As i n d i c a t e d  i n  t he  p rev ious  sec t i on ,  a  60 Hz n o i s e  was i n t r oduced  i n t o  t h e  
LTAG 0.5, LTAG 10, HTAG 0.5, arid HTAG 10 ex l~e r imen ta l  data d u r i n g  d i g i t a l i -  
za t i on .  Tlie above technique was used t o  remove t h e  n o i s e ' s  c o n t r i b u t i o n .  
As was p o i n t e d  o u t  before, t h e  exper imenta l  data i s  non-s tan t ionary  
due t o  t h e  r e l a t i v e l y  s h o r t  l e n g t l i  o f  data pe r  run.  I n  o r d e r  t o  i ~ i i p rove  
the  s t a t i s t i c a l  u n c e r t a i n t y  o f  t h e  data, t h e  da ta  were ensembled. The 




pracedure i s  s t r a i g h t f o r w a r d ;  t h e  r e s u l t s  f o r  each exper iment  of t h e  
i 
a n a l y s i s  program, MAP, produced a s e t  o f  good runs,  NG. Th is  s e t  o f  HG i ;
runs were ensembled w i t h  equal we igh t  by t h e  program ENSE19BLE. I\s one can i 
i 
e a s i l y  show, t h e  e r r o r s  one would expect  f o r  an i n d i v i d u a l  event  would be I 
reduced by a f a c t o r  o f  l l f l f o r  rl independent events.  To o b t a i n  an es t ima te  
as t o  t he  e f f e c t i v e  number o f  events needed t o  s t a b i l  i z e  a measurement, a 
comparison was made o f  a t y p i c a l  measurement as a f u n c t i o n  o f  t l i c  number o f  
runs ensembled. Re fe r r i ng  t o  4.44, t h e  r a d i a l  rms v e l o c i t y  o f  t h e  HTAG 1 1 
experiment i s  sllown a t  va r ious  number o f  runs ensembled. I t  i s  found t h a t  1 
a f t e r  ensembling 10 runs t h e  da ta  has s t a b i l i z e d .  Th i s  was found t o  be I I 
t r u e  f o r  t h e  o t h e r  s t a t i s t i c a l  q u a n t i t i e s  a l so .  
HTAG1 RMS VELOCITY, cm/sec 
CHAPTER 5 SUMMARY, CONCLUSIONS AND RECOIMENDATIONS 
5.1 Summary and Conclusions 1 
1 
An i n v e s t i g a t i o n  was niade t o  determine the  e f f e c t s  o f  p a r t i c l e  dens i ty  
and p a r t i c l e  volume concentrat ion on the  behavior o f  suspended p a r t i c l e s  i n  
a t u r b u l e n t  f l o w  f i e l d .  An a n a l y t i c a l  model was developed i n  Chapter 2 ,  as 
an extension o f  e a r l i e r  work by !leek (1972). This  model incorpora ted  the  
hydrodynamic i n t e r a c t i o n  between p a r t i c l e s  i n  non-d i lu te  t u r b u l e n t  sus- f i 
pensions. The model was f u r t h e r  extended f o r  a l a r g e  range o f  p a r t i c l e  i 
Reynol ds numbers. As shown, good agreement e x i s t e d  between experimental f 
I 
data and the  model's p r e d i c t i o n  f o r  g rea te r  than 0. A complete t e s t  o f ,  
the  theory was n o t  r e a l  i z e d  s ince  an independent experimental  observat ion 
o f  the  f l u i d  turbulence cou ld  n o t  be made i n  the  experiments. 
Mod i f i ca t i ons  were made t o  the  experimental f a c i l i t y  i n  o rder  t o  c i r -  
cu l  a t e  an increased i nven to ry  o f  p a r t i c l e s .  Experiments were conducted t o  
determine the  i n f l uence  the  m o d i f i c a t i o n  might  Iiave had on the  f l u i d ' s  
t u r b u l e n t  s t ruc tu re .  The r e s u l t s  i n d i c a t e d  no observable change i n  the  
f l u i d ' s  behavior, as repor ted  e a r l i e r  by Howard (1972). The data acqu is i -  
t i o n  system was up-dated i n  o rder  t o  improve r e l i a b i l i t y  and accuracy. A 
more in tense r a d i o a c t i v e  source was employed t o  improve the  s igna l  t o  noise 
r a t i o  o f  t he  photomul t i p 1  i e r  tubes. The s t a t i s t i c a l  unce r ta in t y  was 
found t o  be l e s s  than 8% f o r  the  experimental data, 
Two techniques were employed i n  e f f o r t s  t o  d i r e c t l y  measure the  
f l u c t u a t i n g  f l u i d  v e l o c i t y  a t  var ious p a r t i c l e  concentrat ions.  An at tempt 
was made t o  employ standard anemometer techniques, b u t  t he  r e l i a b i l i t y  o f  
the  data was compromised by p a r t i c l  e-probe i n te r fe rence .  E f f o r t s  t o  u t i l  i z e  
a  n e a r l y  neu t ra l  buoyant tagged p a r t i c l e  a7 so proved t o  be f r u i t l e s s ,  due t o  
t he  i n a b i l i t y  o f  t he  tagged p a r t i c 7 e  t o  remain w i t h i n  t he  c a l i b r a t e d  reg ion  
o f  t he  f low. 
Due t o  t he  l a c k  o f  d i r e c t  experimental observa t ion  o f  t he  f l u i d ' s  
s t r u c t u r e  a t  var ious p a r t i c l e  concentrat ions,  an es t imate  o f  t he  s t r u c t u r e  
was made based on the  l a t e r a l  behavior  o f  t he  p a r t i c l e .  This  was based on 
r e s u l t s  ob ta ined from Howard's (1974) data. I t  was found f o r  p a r t i c l e s  w f t h  
a  B c lose  t o  1, t h a t  l a t e r a l  p a r t i c l e  da ta  compared c l o s e l y  w i t h  independent 
measurements o f  t h e  f l u i d ' s  i n t e n s i t y  and s p a t i a l  scales ( f o r  $I = 0) .  
Al though i t  has n o t  been exper imenta l l y  v e r i f i e d ,  i t  i s  reasonable t o  i n f e r  
t h a t  f o r  p a r t i c l e s  w i t h  B -  1, such a  coniparison w i l l  y i e l d  reasonable 
est imates o f  t he  f l u i d  s t r u c t u r e  f o r  p a r t i c l e  loadings i n  which d i r e c t  par-  
t i c l e - p a r t i c l e  c o l l i s i o n s  are  n o t  t h e  dominant f a c t o r  (e.g., Batchelor ,  1972 
suggests t h a t  $I 5 20%)-  
Two s e r i e s  o f  experiments were conducted t o  s t a t i s t i c a l  l y  determine 
the behavior  o f  non-di 1  u t e  t u r b u l e n t  suspension, f o r  d i f f e r e n t  p a r t i c l e  
f r e e  f a l l  v e l o c i t i e s .  The mean v e l o c i t y  o f  t he  p a r t i c l e s  were determined 
f o r  var ious  p a r t i c l e  concent ra t ion .  A comparison w i t h  t he  prev ious work 
by Kaye and Broadman (1962) i n  quiescent  f l u i d s  showed t h a t  p a r t i c l e  
ga ther ing  i n  c l u s t e r s  played an impor tan t  r o l e  i n  t h e  mean v e l o c i t y  o f  t h e  
p a r t i c l e s .  The e f f e c t s  o f  p a r t i c l e  c l u s t e r s  tend t o  produce h ighe r  f r e e  
fa1  1  v e l o c i t i e s .  
The e f f e c t s  o f  t he  volume loading,  as w e l l  as, the  f r e e  f a l l  v e l o c i t y  
a r e  c l e a r l y  b'rought o u t  i n  t he  observed 'rms v e l o c i t y  o f  t h e  p a r t i c l e s .  
The r a p i d  r i s e  i n  the  rms v e l o c i t i e s  i n d i c a t e s  t h a t  t he  f l u i d ' s  t u r b u l e n t  
s t r u c t u r e  changes f o r  srnall volume loadings.  Th is  may be due t o  t he  
p a r t i c l e  wakes a c t i n g  as generators  o f  t u rbu lence  as t hey  f a l l  th rough  t h e  
f l u i d .  As one m igh t  expect, t h e  e f f ec t s  a r e  enhanced f o r  p a r t i c l e s  w i t h  
l a r g e  f r e e  fa1  1  v e l o c i t i e s .  (Kada and Hanra t ty ,  1960 r e p o r t e d  s i m i l a r  
p a r t i c l e  v e l o c i t y  e f fec ts  i n  t h e i r  measurements o f  p o i n t  source f l u i d  
d i f f us i on ) .  I t  was a1 so found t h a t  t h e  rms v e l o c i t i e s  reached a  maximum 
fo r  va l  ues o f  4  between 1  and 5 percent .  I t  i s  n o t  c l e a r  which mechanisms 
come i n t o  p l a y  w i t h i n  t h e  f l u i d  t o  cause t h i s  r a t h e r  broad peak. As 4  i s  
f u r t h e r  increased a  s l i g h t  drop i n  t h e  rms ve1ocit ie.s was detected. T h i s  
m igh t  be due t o  t h e  r e s t r i c k e d  niot ion of  t h e  p a r t i c l e s  a t  h i ghe r  volume 
l oad ings  ( 4  = l o%) ,  where p a r t i c l e s  a r e  i n  c l o s e  p r o x i m i t y  w i t h  one ano ther  
(approx i  mate1 y 314 o f  a  d iameter  between p a r t i c l e s )  . 
The v e l o c i t y  a u t o c o r r e l a t i o n  b rought  t o  l i g h t  t h e  r e l a t i v e  i s o t r o p i c  
behavior  o f  t h e  p a r t i c l e ' s  l a t e r a l  f l u c t u a t i n g  v e l o c i t i e s .  T h i s  obse rva t i on  
i s  suppor ted by t h e  l a t e r a l  rms v e l o c i t i e s .  The c o r r e l a t i o n s  e x h i b i t e d  a  
s t r ong  r e l a t i o n  t o  t h e  p a r t i c l e  mean, v e l o c i t y  i n  which t h e  LTAG s e r i e s  
showed l o n g e r  c o r r e l a t i o n s  than the HTAG s e r i e s  due t o  i t s  s lower  mean 
v e l o c i t y  . The 1  a  t e r a l  exper imenta l  au toco r re l  a t i o n s  showed good agreement 
w i t h  theory .  Such a  comparison f o r  t he  a x i a l  a u t o c o r r e l a t i o n  data was 
hampered by an i n h e r e n t  no i se  caused by a  phase s h i f t  i n  t h e  c a r r i a g e  v e l o c i t y  
t ime ser ies .  
The appl  i c a t i o n  o f  t h e  t heo ry  toward eng ineer ing  problems was demonstrated, 
The p a r t i c l e ' s  p r e d i c t e d  d i  sperson en joyed good agreement w i t h  t h e  exper imenta l  
data. Due t o  t h e  averaging c h a r a c t e r i s t i c s  o f  t h e  d i s p e r s i o n  c a l c u l a t i o n ,  
t h e  a x i a l  da ta  was shown t o  be use fu l .  The t u r b u l e n t  p a r t i c l e  d i f f u s i o n  co- 
e f f i c i e n t ,  E, i n d i c a t e d  a  g r e a t l y  enhanced d i f f u s i o n  f o r  a  r e l a t i v e l y  smal l  
volume load ing .  As 4  was f u r t h e r  increased, E was observed t o  l e v e l  o f f  t o  a  
maximum value, then  t o  reduce f o r  4 equals 10 percen t  ( s i m i l a r  t o  t h e  rms 
behav io r ) .  
5.2 Recommendations f o r  Fu tu re  Research. 
The research undertaken by t h i s  p r o j e c t  p rov ided  exper imenta l  da ta  f o r  
a  r e l a t i v e l y  smal l  r e g i o n  o f  t h e  o v e r a l l  t u r b u l e n t  t r a n s p o r t  o f  s o l i d s  i n  
f l u i d s .  The f o l l o w i n g  recommendations a r e  made f o r  f u t u r e  research:  
1. The behavior  o f  t he  f l u i d  phase i n  n o n - d i l u t e  suspensions 
should be i n v e s t i g a t e d  t o  p rov ide  independent da ta  t o  v e r i f y  
t h e  theory .  
2. A v a r i a t i o n  o f  p a r t i c l e  s i z e  and d e n s i t y  should be s tud ied  
t o  p rov ide  a  more complete range o f  parameter ized da ta  t o  
compare w i t h  t he  theory .  Th i s  has n o t  been r e a l i z e d  f o r  
t h e  n o n - d i l u t e  cases. 
3 .  Larger  p a r t i c l e  concen t ra t ions  cou ld  a l s o  be i n v e s t i g a t e d  
t o  determine t h e  o v e r a l l  l o a d i n g  e f f e c t s  f o r  a p p l i c a t i o n s  
o f  eng ineer ing  i n t e r e s t .  
4. The t r a n s p o r t  o f  suspended s o l i d s  i n  h o r i z o n t a l  p ipes i s  
found i n  many eng ineer ing  a p p l i c a t i o n s .  I t i s  suggested 
t h a t  m o d i f i c a t i o n s  be made t o  t h e  e x i s t i n g  system t o  u t i l i z e  
t h e  same unique da ta  a c q u i s i t i o n  system f o r  h o r i z o n t a l  
t u r b u l e n t  f l ow .  
APPENDIX A  
PARTICLE ANALYSIS PROGRAM 
A.l Hain Ana lys is  Program 
A s i m p l i f i e d  f l o w  c h a r t  o f  t h e  main a n a l y s i s  program i s  shown i n  F ig -  
u r e  A.1. The main program g e n e r a l l y  p rov ides  i n i t i a l i z a t i o n  o f  va r i ab les ,  
as w e l l  as p r o v i d i n g  da ta  management f o r  each run. i 
Ana l ys i s  o f  each run  begins w i t h  a  c a l l  t o  t h e  sub rou t i nc  DATA. The 1 
f u n c t i o n  o f  which i s  t o  read the  raw vo l t age  d i f f e r e n c e  s i q n a l s  and c a r r i a g e  I 
v e l o c i t y  vo l t age  f rom d i g i t a l  magnetic tape. Th i s  i s  performed by U t i l i -  
z i n g  t he  TPIOZ system p rov ided  by t h e  U n i v e r s i t y  o f  I l l i n o i s  Computer 
Serv ices O f f i c e .  
Once t h e  raw s i g n a l s  a re  ob ta ined  by DATA, main c a l l s  t h e  s u b r o u t i r ~ e  I 
FILTER t o  app l y  a  d i g i t a l  Gaussian f i l t e r  t o  t he  data.  The f i l t e r  i s  a p p l i e d  I 
a t  every  40 th  p o i n t  o f  t h e  t ime se r i es .  The r e l a t i o n s h i p  between t h e  i n p u t  
vo l t age  s i g n a l  VK and t he  o u t p u t  vo l t age  VS,i i s :  
I 
where A t  i s  t h e  t ime  increment  between vo l t age  po in t s ,  C1 i s  t h e  t o t a l  number 
o f  p o i n t s  o v e r  which t h e  f i l t e r  i s  app l ied ,  and f i s  t h e  f requency a t  
I 
90 1 
which t h e  vo l t age  s i g n a l  i s  a t t enua ted  by 0.1. The r e l a t i o n s t l i p  between fgo 1 
and I1 i s :  1 
J 






The f i l t e r e d  data i s  next manipulated by the subroutine POSVEL,  the pur- 1 
pose of  which i s  to  calculate  the instantaneous position and velocity of the I 
I 
par t ic le .  As discussed in Chapter 3 ,  the par t i c le  position was determined 
from : I 1 
The Cartesian position re1 a t i  ve t o  the carriage arb converted to cyl i  ndrical i 
position by: ! 
The cyl indrical  ve loc i t i es ,  re la t ive  to the carriage are ccilcul ated as :  
( A .  9 )  
( A .  10) 
( A .  11 ) 
In order to provide the axial pa r t i c l e  veloci t ies  re la t ive  to  the f luid  
velocity the following ci lcula t ion i s  performed: 
- 
VZ;~ = V z r c , ~  +Vc - UGi Cri) ( A .  12) 
lihere VC i.s the  carriage velocity and u f ( r i )  i s  the mean f lu id  velocity a t  
the radial position r i .  They a r e  determined by: 
( A .  13) 
( A .  14) 
where ec i s  the voltage from the carriage velocimeter. 
The subroutine POSVEL also calculates the mean and rms position of 
1 particle for  each direction as 
b.l 
and: 
( A .  15) 
( A .  16) 
( A .  1 7 )  
( A .  18) 
( A .  19) 
( A .  20) 
A similar niethod was used to calculate the mean and rms velocities.  
The autocovariance functions were calculated in the subroutine AUTO by 
the method of lagged products: N-j 
( A .  21 ) 
( A .  22 )  
( A .  23) 
S ta t i s t ica l  parameters such as the skewness and kurtosis were calcu- 
lated in the subroutine SKEW. 
The skewness and kurtosis in the radial direction i s  determined by: 
hl 4 \ 
~ u ~ ~ o s l s ,  z,(~r,~\~]/(~r,,,,) (A. 25) j 
i 
A s i m i l a r  method was used f o r  t h e  azimuthal  and a x i a l  d i r e c t i o n s .  
The sub rou t i ne  PRINT prov ided  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  (p.d.f.) ! 
1 
c a l c u l a t i o n ,  as w e l l  as o u t p u t  da ta  f o r  each run. The p.d.f. 's were c a l -  
c u l a t e d  i n  a  s tandard manner: 
If VRIri i Vi ' 'I Then UI l4 1  = BIN 1 ' +  1  
I f  Y1 - < Vi < V2 Then BIN 2  = BIN 2  + 1  
If vN-l 5 Vi 5 VEIAX Then BIN N  = BIN N + 1  1 
Where Vi i s  t he  corresponding v e l o c i t y  i n  t h e  t ime  ser ies ,  Vr,IN through 
1 
a r e  t he  minimum and niaxinium v e l o c i t i e s  expected i n  t h e  t ime  se r i es ,  and I v ~ ~ x  I 
the  BINS a re  counters  (when Vi i s  found t o  r e s i d e  w i t h i n  i n t e r v a l  between Vn I 
I 
and VI,,-l, the  b i n  M i s  incremented). 
The o u t p u t  data i s  p r i n t e d  i n  the  b r i e f  fo rm shown i n  F igu re  A.2 f o r  
each run. I n  a d d i t i o n  the  c a l c u l a t e d  s t a t i s t i c a l  i n f o r m a t i o n  i s  s t o r e d  on 
I 
1 
magnetic d i s k  f o r  f u t u r e  use by EIJSEFIBLE. 
A.2 ENSEMBLE 
The program ENSEMBLE prov ided  t he  ensembl i n g  o f  t he  s t a t i s t i c a l  data 3 
as we1 1  as, c a l c u l a t e d  t he  INTEGRAL Scales and T a y l o r  Microscales.  The 1 
ensembl i ng was c a l  c u l  a ted  as : 
- ' rJ 
dK = I L~r, i  (A. 26) I 
N L=I  I 
where W K y i  i s  t he  s t a t i s t i c a l  q u a n t i t y  f o r  each run  and wK i s  t he  ensembled 1 
r e s u l t ,  and I{ i s  t he  number o f  runs ensenibled. i 1 
I 
W S K ~  VTSKI* vtsuew v n ~ u l l t  VT I IUR~  v n u n t  n t m e s s  ~ZSTI-SS ~ T S T W C S S  
0.0053 -0,1079 4.559b 2.1797 2.5Z99 3-5026 -2. L L W  - 1 . 9 3 2 6  0.0309 
9L01AL ICXWTYIL A1 IAL C a R I l  IGe 
**AN OOSIT IOM 3 ~ 1 s  C J ~  t ~ u  PA@ -2.191 C *  
- -- 
?US  SITI ION 1.921 C* O d I *  1&0 L.3W C* 
**An v z L a I m  -o.6rs c *  t s e c  4.09s c w  t s e c  ~ z . 5 1 3  c *  I Y ~ C  x.16~ r r  ~ S E C  
S i r V e T i E R f  3.586 C*  ISEC z.183 c*. t s e c  2.711 C* t s e c  2.a96 c* tXfc-- 
Figure A . 2  Sarnple Output Data From Subroutine Print 
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